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1977), the diagram technique allows one to partly sum
up the terms of the infinite perturbation series and
express the 47, in a series form by the exact average
of Green’s function, (&) (not over the zero Green’s
function, ¢°), and hence automatically get the self-
consistent system of equations for (&).

In accordance with definition (5), we understand
the averaging in equation (10) as averaging over vol-
ume, Ma® << V<< 23). As a result of this definition,
all averaged values may be dependent on coordinates
only in a macroscopic scale (A >> a).

Where wavelength () is comparable or less than a
size (@) of randomly distributed inhomogeneities, we
must use the averaging in equation (8) over an en-
semble of realizations. In this case the Dyson equation
(8) 1s valid for any relationship between (1) and (). In
accordance with the ergodic hypothesis, both methods
of averaging coincide where A >> ¢ and the mass op-
erator, as a function of coordinate difference, de-
creases on a scale of 70 << 4.

Local Approximation

In order to go from the Dyson equation to equations
of the macroscopic theory of elasticity of effective me-
dia, we need to take into account that the correlation
radius of fluctuations, 7%, is small in comparison to
the scale of our consideration—for example, to the
wavelength, A. In this local approximation the mass
operator, 47, is equal to zero where |, — 7| >> reorr,
and is not zero where | 7, — 7| < 7, Taking this into
account, the Dyson equation (10) can be written in the
form:

(Gitrm) = GUr )+ [ Gotrnm) M) Gy, )
(11)

where: Myfn)=[ andt, (5, 5). (12)

*
After some algebraic transformations, tensor M,,(7)
can be presented in the form:

* *
Mk!( I‘) = 817zcvklmﬂan - am<0k1mn >arz (13)

* . .
where: C,,, . is the tensor of effective modules of elas-
ticity for media with inclusions.

General Singular Approximation Method

Basic Relationships

The purpose of this report is to show the method of
calculation of A7* or C*. In the literature (Mavko and
others, 1993; Mura, 1991; Shermergor, 1977) various
approximations are used. The reason for using differ-
ent approximations relates to the impossibility of get-
ting the analytical solution to many body problems. In
our case it is important to point out that the approxi-

mation is accomplished by the mass operator, Mllk—
1.e., in the kernel of the Dyson equation (not in Green’s
function). This means that the different approxima-
tion of the mass operator leads to different forms of
the Dyson equation but not to the perturbation theory.
The problem of the choice of the mass-operator ap-
proximation for studies of experimental data can be
solved by determining the minimum free-energy func-
tion or by comparison with the considered experiment,
which means the solution of the inverse problem. Tak-
ing all of this into account, we need to develop a math-
ematical approach that allows us to calculate /Wl'.k in
a quite simple way, and at the same time it should be
rather effective in order to take into account various
physical effects.

_ After some algebraic transformations, we can ob-
tain the basic formulas for calculating elastic charac-
teristics of media with inclusions (Bayuk and Chesno-
kov, 1998):

-1

C* = <0(1- gc’)>_1<(1- gc’)—1> (14)

where: /is the fourth-rank unit tensor and g, =
J GQk/(r) dr (Bayuk and Chesnokov, 1998).

7/

Expression (14) is the basic equation of the general
singular approximation (GSA) (Shermergor, 1977;
Fokin, 1996; Bayuk and Chesnokov, 1998) and con-
tains the algebraic (not integral) operations that allow
us to carry out complete summation of series (8). A
more detailed justification for the GSA method can be
found in Bayuk and Chesnokov (1998).

The developed method has several advantages:

1. It coincides with correlation approximation
(Lifshits and Rozentsveig, 1946) where the contrast of
properties between matrix and inclusions is small;

2. It coincides with the virial approximation where
the volume of concentration is small;

3. The corresponding choice of the so-called com-
parison body allows us to find the “upper” and “lower”
Hashin-Shtrickman boundaries; to coincide with self-
consistent approximation; and to bring us to the Willis
(1977) formula, which is obtained by using the varia-
tional principles;

4. In contrast with the variational principles, this
method allows us to calculate the deviations, which
are connected with the rejection terms and conse-
quently give an estimation of the accuracy of the
method.

As can be shown (Chesnokov and others, 1995;
Bayuk and Chesnokov, 1998), the elastic constant C*
in equation (14) is the function of six groups of the
parameters, which define the structure of the studied
medium, namely:

*

a'jkle(-Qz':Ri:Xi: al',xl',M) (15)
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where:

Q;is the distribution function (DF) of inclusions over
angles; £&;1is the distribution function (DF) of inclu-
sions over crystallographic axes (in the case of aniso-
tropic inclusions); ¥;1is the DF of inclusions over aspect
ratio in the case of elliptical inclusions; ¢;1s the DF of
inclusions over size; x;is the DF of centers of inclu-
sions over coordinate (space statistics); and Mreflects
the existence of liquid, gas, and brine inclusions si-
multaneously in the studied medium.

On the basis of this approach, we can analyze elas-
tic and transport characteristics of various types of
media such as (1) microinhomogeneous (low-porosity
isotropic or anisotropic) media with different types of
distributed fractures; (2) laminated media with isotro-
pic (anisotropic), periodic (randomly) distributed lay-
ers with various types of fractures; and (3) microin-
homogeneous (laminated) media under stress and
temperature.

Comparison of Numerical and Experimental Data

To substantiate the validity of the GSA method, we
compared theoretical results with experimental data.
Figure 1 shows longitudinal velocities in a sample of
water-saturated artificial sandstone (Rathore and oth-
ers, 1995) with aligned cracks and with an aspect ra-
tio of 0.00364. The crack density is 0.1. The velocities
are measured in the plane normal to the crack plane.
Bulk and shear moduli of the wet sandstone polycrys-
tals (so-called matrix) are 7.78 GPa and 3.32 GPa,
respectively; the density is 1.711 g/cm?.

The numerical results obtained by different theo-
retical methods (Castaneda and Willis, 1995; Eshelby,
1957; Hudson, 1981; Nishizawa, 1982; Thomsen,
1995; Brown and Korringa, 1975) are also shown in
Figure 1. As shown, our method agrees best with ex-
perimental data (Bayuk and Chesnokov, 1998).

How Can We Discriminate between Gas
and Liquid Inclusions?

The GSA method can be used to find the param-
eters sensitive to the type of fluid in inclusions. We
consider a clay matrix with bulk and shear elastic
modules, K = 26.83 GPa and u = 16.77 GPa, and a
density of 2.6 g/cm?®. The cracks are modeled as
aligned ellipsoids with an aspect ratio of 0.03, being
typical of clay reservoirs (Xu and White, 1996). The
effective elastic tensor, %, is calculated by equation
(10) for gas, water, and oil inclusions. Because this
equation is derived by assuming that the components
are elastic, we take the bulk modulus of low-viscous
oil equal to 0.8 GPa (Dortman, 1992). The azimuthal
dependencies of longitudinal- and shear-wave veloci-
ties are calculated for the plane perpendicular to the
crack plane by using the Christoffel equation. Figure
2 plots the ratio of the longitudinal-wave velocity to
the faster shear-wave velocity versus the angle of
propagation. The angular dependence of the ratio is
monotonic for gas inclusions but exhibits peculiarity
in the case of liquid inclusions. The observed peculiar-
ity is explained by the fact that differently polarized
shear waves intersect at a certain angle.

Rathore et al. (1995) data for saturated sample
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Signs are experimental data.
Results for 80% saturation:

Thick solid line is the GSA method
used in this paper.

Thin solid line with diamonds is the
Castaneda and Willis (1995)
method.

Results for 100% saturation:

Dashed line with squares is the
Thomsen (1995) method.

Other curves correspond to various
methods:

Eshelby (1957} method for
constant strains; Eshelby (1957)
method for constant stresses;
Nishizawa (1982) method;
Gassman (1951) method; Hudson

200.00 (1981) method.

Figure 1. Comparison of measured (black squares) and calculated longitudinal-wave (P-wave) velocities for wet artificial sandstone
in the plane normal to the crack plane. Saturation used in calculation is shown.
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Figure 2. Ratio of longitudinal-wave velocity (V) and shear-
wave velocity (V) for a clay reservoir model for wave propaga-
tion in the plane normal to the crack plane.

We abandoned the use of these methods for predic-
tion of fluid type. We also calculated the effective elec-
trical properties for a medium with inclusions whose
shapes are disks and channels. The aspect ratio of the
disks is 0.01, and that of channels is 3. The electrical
conductivities of the matrix, brine, and oil are chosen
as 0.0001, 0.5, and 10712 S/m, respectively. Figure 3
shows the ratio of maximal and minimal values of
electrical conductivity versus porosity.

Correlation between Elastic and Transport Properties

We simultaneously calculated the longitudinal-
wave (P wave) velocities and the conductivity of a clay
reservoir, depending on the porosity of oil and brine
inclusions. The crack aspect ratio was 0.03 (typical of
clay). To estimate the effect of matrix friability, 2, on
conductivity, we used two greatly different values for
friability: 0.5 (Fig. 4a) and 107 (Fig. 4b).

The values for the conductivity of clay, brine, and
oil were 1074, 30, and 107'2 S/m, respectively. In calcu-
lations, we varied only the volume concentration of in-
clusions, and their aspect ratio was kept constant. The
results demonstrate that a variation in the matrix fri-
ability greatly affects the values of conductivity,
whereas the values of elastic velocities change only
slightly. The calculations also show that conductivity
values are also strongly dependent on friability val-
ues. To predict permeability, we have to solve an in-
verse problem. Using elastic data, we find the aspect

ratio of cracks. The connectivity of inclusions (the
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Figure 3. Clay reservoir model: clay matrix and ellipsoidal
aligned cracks with the 0.03 aspect ratio (disks; solid lines) and
the 3 aspect ratio (channels; lines with circles). Results were
obtained with the help of the GSA method. Electrical conductiv-
ity of the matrix, brine, and oil were chosen to be 104, 30, and
10712 S/m, respectively. The figure shows the ratio of conduc-
tivity normal to the crack plane to that in the crack plane. The
plane XX, is the crack plane (plane of isotropy), in which the
crack cross sections are circular. The plane X;X, is the plane
of disk-shaped cracks. The axes of channels are parallel to the
X3 axis. As can be seen, the dependence is monotonic in the
case of oil with the constant sign of the second derivative,
whereas the second derivative of the dependence may change
its sign in the case of brine inclusions. We have extended the
formulas of the Eshelby (1957) and Nishizawa (1982) methods
to the case of transport properties and have performed these
calculations by using these methods. We found that appropri-
ate results can be obtained only by the GSA method.

matrix friability) should be obtained from the electri-
cal data. To find these parameters, we can also use the
elastic and electrical data simultaneously. Knowing
the aspect ratio and matrix friability, and using equa-
tion (10), we can calculate an effective permeability.
Figure 5 plots the values for 2 wave velocity versus
permeability for a clay reservoir model with a matrix
friability of 0.5.

To estimate the permeability of inclusion material,
we determined the permeability of “pure” fluid from
the permeability of limestone, assuming that the per-
meability of the host matrix is 10740 m? and using the
GSA method. The fluid permeability was estimated at
7% 107 m2, The permeability of sedimentary rocks
calculated with the use of the accepted values agrees
well with the set of experimental data (Volarovich,
1988).

1E+C
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Figure 4. Clay reservoir model, consisting of a clay isotropic matrix (bulk modulus, K = 26.83 GPa; shear modulus, 1 = 16.77 GPa;
density, p = 2.00 g/cm3; and conductivity o = 10~¢ S/m) and aligned ellipsoidal inclusions with the 0.03 aspect ratio typical of clay
reservoirs. The numerical results were obtained by using the GSA method. Results obtained for the crack concentration, varying
from 0 to 0.5, and constant aspect ratio. The oil parameters are K= 1.39 GPa, p = 0.80 g/cm?, and o= 10-'2S/m. Brine param-

eters are K=2.2 GPa, p = 1.00 g/cm3, and ¢ = 30 S/m. Calculations are performed for different values of matrix friability: (a) k =
0.5, and (b) k= 107 (see GSA method formulas).
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Figure 5. Clay reservoir mode!, consisting of a clay isotropic matrix (bulk modulus, K = 26.83 GPa; shear modulus, 1= 16.77 GPa;
density, p = 2.60 g/cm3; and permeability, P = 107*° m?) and aligned ellipsoidal inclusions with the 0.03 aspect ratio typical of clay
reservoirs. The numerical results were obtained by using the GSA method. Results obtained for the crack concentration, varying
from 0 to 0.5, and constant aspect ratio. Cracks are assumed to be filled with brine, with K=2.2 GPa, p =1 g/cm3, and P =
7 ¢ 10719 m2. Solid lines show P-wave velocity (V) versus permeability in the direction normal to the crack plane, and broken lines
present this dependence in the crack plane. Calculations are performed for matrix friability.
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As the conclusion of this part of the report, we can
say:

1. The GSA method provides the best agreement
with experimental elastic data in comparison with
other mathematical approaches. The GSA method can
be used to find the correlation between elastic waves
(longitudinal and shear) and transport (electrical con-
ductivity and permeability) properties of porous
cracked anisotropic media.

2. It is shown that such a correlation of the proper-
ties allows us to discriminate the type of inclusions
(liquid or gas) and the sort of liquid (oil or brine) in
inclusions. 4

3. Using such a correlation, it is also possible to
predict the permeability of porous cracked media. For
this prediction, it is necessary to solve the inverse
problem to find the crack aspect ratio and the matrix
friability by using experimental data on elasticity and
electrical conductivity.

All this means that the GSA method is quite power-
ful for the computation of the effective physical prop-
erties of porous cracked anisotropic media.

Dynamic Case

Dyson Equation

Here, we consider the frequency dependence of
elastic constants. As in the static case, we will con-
sider randomly distributed fractures. The Dyson
equation for this case has the form:

Gu(t-tx,x)= Gok(f—flx, x)

Z

+ Gy, ty, %,2) Ly () GOpt, 1, 3, 2, dly (16)

where:
Mytty,2)= | dyMy(t,4,% ) (17)

is the mass operator in the dynamic case.
It can be shown that equation (17) can be presented
in the form:

* *
M,-ku,tl,x)=Vm[amu,a)—(cz-,,,k,z)su,m]vn.

(18)

This expression is the basic expression for calculating
the dynamic tensor for elastic constants—i.e., estimat-
ing its frequency dependence. \

The final expression of ij as a function of fre-
quency can be written in a form using a correlation

approximation (Chesnokov and others, 1998):

(w, £ BE7# () dE.

mn,pg ymn
(19)

* 1
Cinf@) = <Cz'jk1> +(_27r—3 f G,

Here, in the isotropic case:

BImt (k) = | due™* 2 B (- )

G?nﬂqu(w’ k) = lkplkqa?nn(wf é)7 (20)
61"_"/ Vo Vv,V
G, )= /

<u>k2 - po® " <),+2,u>}a2 - pw® .

Using this expression, we can calculate the frequency
dependence of elastic constants.

Influence of Shape and Size of Inhomogeneities
on Frequency Dependencies of Elastic Constants

This part of the results allows us to estimate the
influence of size and shape of fractures on the dy-
namic effective characteristics of an elastic medium.
This is essentially to point out that the existence of
the spatial distribution of inclusions (far order) leads
to the strong influence of size and shape of inclusions
on effective dynamic elastic constants and completely
suppresses the weak correlation of sizes of inclusions
with the length of a propagating wave. Taking into
account the paired correlation function of spherical
inclusions of the radius, a, the configuration of which
1s determined by the structural factor, S(£), an equa-
tion can be written in the form:

2 88U o)
()% - por®

<l +2,Ll> /20 20 20 20 ~7
<ﬂ, + 2#>% B pa)2 C'z'jkl’ém'én kquCqu/

CZxaz( w)= <C'z'j,é/> -

L 30 20~
* a'j}élkquCqu/_

B (B =[S oA  ChuChynat) @D

and, using equations (21) and (22), we can write:

2 (1) S 2 . 9
C;kz(w) = <CW>* g <L>(;f)_pwi(ko)|
A+2
o| CoutphICE - <l+<2#->>;_>pw2 Clarn s o C s

(22)

Expression (22) gives the complete description of
the effective dynamic elastic constants and their de-
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pendence on the size and shape of inclusions. The
functions S(%) and y (%) are defined by the same ex-
pressions as in the static case. The existence of space
statistics reveals the fact that the values of functions
S(%y) and x (%) depend on the argument 4y, which de-
fines the order in homogeneous locations (but not the
wavelengths of 2Zand Selastic waves). These formulas
work in a static case as well, where w= 0.

ADDITIONAL REMARKS

Taking into account the foregoing approach, we
plan to develop new software for calculations of vari-
ous static and dynamic effects such as (1) scattering,
including multiple scattering; and (2) taking into ac-
count the fluctuation of densities.

In addition, the developed method allows us to
study the inverse problem of determining the statisti-
cal structure of inhomogeneous media. From the re-
sults of the solution to this problem we can expect (1)
estimation of the type of symmetry from experimental
data of the studied medium, and (2) estimation of po-
rous cracked statistical parameters using I}, and V;in
a considered medium.

The influence of stress on static and dynamic prop-
erties of inhomogeneous media is our next problem to
consider, as follows.

Nikitin and Chesnokov (1984) considered the stress
effect on the elastic parameters of a homogeneous
anisotropic medium without random inclusions. It
was shown that the initial stress effect on the elastic
moduli is determined by the sixth-rank tensor ex-
pressed via the derivatives of the free energy with
respect to the strain tensor. Specifically, the equation
for the elastic modulus tensor, which depends on the
deviator of initial stresses, has the form:

Cl_'/}él = 02‘/2/(10) + Bz'jklmn l/(z)zn (23)

where: ngz/( D) 1s the elastic modulus tensor of a me-
dium without initial stresses, By, is the sixth-rank
tensor generated by the initial stresses, and t,?m is the
deviator of initial stress.

The tensor, B, was used to study the effect of initial
stresses on a medium without inclusions (pores and
cracks).

The next goal is to extend these results to a porous
cracked medium. It will be shown that the effect of the
initial stress on the parameters of the porous cracked
medium is described by the same sixth-rank tensor.

Using the Feynman diagram technique, we derived
the Dyson equation for the average Green’s function of
a porous cracked medium. The kernel of the equation,
the mass operator, A7, is a function of the derived
sixth-rank tensor, B/, It was found that for a
porous cracked medium the variation in the effec-
tive elastic modulus tensor, Cy,, caused by initial

stresses, is expressed in terms of the functional de-
rivative of the mass operator with respect to the elas-
tic modulus tensor of the matrix (top part):

M

Py 24
IC, (24)

Yikimn =

where: Cj;,1s the elastic modulus tensor of the matrix
(medium without pores and cracks). In turn, the top
part is represented by the averaged Green’s function
of the medium without initial stresses and is calcu-
lated with the help of the diagram technique.

As q:result, we obtain an effective sixth-rank ten-
SOr, Bjjg/mn, in determining the contribution of initial
stresses to the effective elastic modules of a porous
cracked medium. This tensor, B¥, consists of two
terms associated with the matrix effect and the effect
of the microinhomogeneous medium structure, de-
pending on the initial stresses,

*

Biigimn = Bijgimn + Y ijhimn- (25)

Analytical and numerical methods for calculating
B* for different distribution functions of inclusions
will be developed. We will use the distribution func-
tions over six groups of parameters: (1) aspect ratio,
(2) orientation of inclusion axes in space, (3) the center
of mass of inclusions (spatial statistics), (4) spatial
orientation of crystallographic axes of inclusions, (5)
inclusion size, and (6) multiphase composition of the
medium studied. All these parameters determine the
medium structure and depend on initial stresses.
Thus, the effect of initial stresses on the aforesaid dis-
tribution functions will be considered.

CONCLUSIONS

The developed approach delineated in this report
allows us to:

1. Solve the problem of construction of macroscopic
equations and obtain the exact expressions of effective
tensors of elastic modules for various distribution
functions of fractures, including size, aspect ratio, and
space statistics;

2. Develop software that can include 10 various
methods of calculating the effective elastic and trans-
port properties and determining their correlation;

3. Determine the features that allow us to distin-
guish gas- and oil-saturated fractures;

4. Calculate Green’s function, the mass operator in
dynamic cases, which leads to determination of dy-
namic elastic constants, thus allowing us to estimate
the frequency dependence of multiscale fractured
media;

5. Investigate the stress dependence of elastic and
transport characteristics of fractured media.
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Understanding Regional Chimneyhill Correlations
and Their Impact on Reservoir Predictability

Kurt Rottmann
Consuitant Geologist
Oklahoma City, Oklahoma

ABSTRACT.—The Hunton Group consists of a series of shallow-water carbonates deposited
between the Ordovician Sylvan Shale and the Devonian-Mississippian Woodford Shale.
Because of this unique stratigraphic relationship, the Hunton Group is easily recognized in
the subsurface from open-hole logs. However, individual subgroups and formations within
the Hunton Group are often miscorrelated, owing to the lack of recognizable regional time-
stratigraphic markers. Detailed correlation of Hunton strata has revealed the Prices Falls
Member of the Clarita Formation to be an important and reliable time-stratigraphic marker.
This marker is important because it serves to separate the productive beds of the overlying
Fitzhugh Member from the underlying Cochrane and Keel Formations, which are not nearly
as productive.

The Fitzhugh Member of the Clarita Formation, which is part of the Chimneyhill Sub-
group, is generally an organo-detrital carbonate deposited over a broad, flat platform as
sheets of carbonate debris. However, an abrupt east—west stratal buildup of this member is
characterized by individual beds that become very thick. It is within these beds that dolo-
mite commonly forms, probably by the ground-water-mixing model proposed by Badiozamani
in 1973. These dolomite beds have reservoir properties that make them some of the most
prolific reservoirs of the Hunton Group. It was commonly thought that these dolomites were
random and uncorrelatable, but it is now apparent that regional correlations of these beds
are possible, especially after recognition of the time-stratigraphic Prices Falls Member. It is
this ability to predict the extension of correlative porous and permeable dolomite beds of the
Fitzhugh Member that makes this member an attractive target for exploration and develop-

ment.

INTRODUCTION

The Hunton Group represents a series of subgroups
and formations that contain an abundance of attrac-
tive economic oil- and gas-producing reservoirs in
Oklahoma. Perhaps the most important productive
unit is the Fitzhugh Member of the Clarita Forma-
tion, which is part of the Chimneyhill Subgroup (Fig.
1). This member is a primary target in much of west-
central, central, and east-central Oklahoma. The pur-
pose of this paper is to try and distinguish this mem-
ber from other, less attractive formations of the
Hunton Group by establishing its relationship with
the underlying Prices Falls Member, also of the Clarita
Formation. Once the Prices Falls has been correlated,
the remaining organo-detrital limestones above it (and
below the shaly and marly beds of the overlying
Henryhouse Formation) would constitute the Fitzhugh
Member. Once the Fitzhugh Member has been identi-
fied, it is possible to correlate zones within it. These
zones can be areally mapped, enabling the predict-
ability of and exploration for potential reserves from
this interval.

This paper also serves as an addendum to the Okla-
homa Geological Survey’s recent play-based workshop
on the Hunton (Rottmann and others, 2000; Rottmann,
2001). One of the objectives of the cross sections pub-
lished for that workshop was to demonstrate the re-
gional correlation and relationship between the Prices
Falls and Fitzhugh Members in the area described
above. This paper ties the outcrop description of the
Prices Falls to those cross sections by the publication
of a tie section (Fig. 2, cross section C—C"). This paper
uses figures from Rottmann and others (2000), so it
might be useful for the reader to obtain that publica-
tion, as those illustrations referred to will not be re-
printed here.

CHIMNEYHILL SUBGROUP

The Chimneyhill Subgroup was named from out-
crop exposures near Chimneyhill Creek by Reeds
(1911, p. 258). He gave these beds formation rank and
designated three units on the basis of lithologic varia-
tions. These included the pink-crinodal, glauconitic,
and oolitic members. Amsden (1967) formally raised

Rottmann, Kurt, 2002, Understanding regional Chimneyhill correlations and their impact on reservoir predictability, in Cardott, B. J. (ed.),
Revisiting old and assessing new petroleum plays in the southern Midcontinent, 2001 symposium: Oklahoma Geological Survey

Circular 107, p. 123-128.
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Figure 1. Type log showing the Hunton Group formations and members for an area of central Oklahoma. Characteristic electric-
log signatures are shown. CAL = caliper; GR = gamma ray; DENg = density porosity; DEN COMP = density compensated; SP =
spontaneous potential; Ry,/A; = ratio of resistivity of flushed zone to resistivity of uninvaded zone, or true resistivity; RES =

resistivity. From Rottmann and others (2000, fig. 21).

these three members to formation rank, naming them,
in descending order, the Clarita, Cochrane, and Keel
Formations. He also raised the Chimneyhill to sub-
group rank. Figure 1, a type log, illustrates the for-
mations and members of the Hunton in central Okla-
homa. As can be seen, the Chimneyhill Subgroup con-
sists of the same three formations described by Reeds,
Amsden, and others from the outcrops of southern
Oklahoma.

In west-central, central, and east-central Oklahoma
the primary producing formation is the Clarita For-
mation. The Frisco Formation, and to some extent the
Henryhouse Formation, are not as prolific as the
Clarita. The Cochrane and Keel also are productive
but are relatively insignificant.

The Clarita Formation of the Chimneyhill Subgroup
is divided into two lithologically diverse units, the
Prices Falls Member and the overlying Fitzhugh Mem-
ber. The lower member is a persistent, low-calcium
shale whose type locality is at Prices Falls in the cen-
tral part of the Arbuckle Mountains (Amsden, 1980).
The upper Fitzhugh Member consists of an organo-
detrital limestone or dolomite that is noted for its thin,
even-bedded character (Amsden, 1960, pl. 3, figs. 1,2).
The lithologic difference between these two members
is distinct and, according to Amsden, can be recog-
nized throughout the Arbuckle Mountains and Criner
Hills. A more detailed description of these members
can be found in Amsden (1980) and Rottmann and
others (2000).
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CORRELATION OF THE PRICES FALLS MEMBER
FROM SURFACE TO SUBSURFACE

Figure 3is a gamma-ray profile of the Hunton Group
along the exposed outcrop on the north side of U.S. High-
way 77 near Turner Falls, southern Oklahoma (Stanley,
2001). The exact location of this outcrop is described as
the west side of U.S. Highway 77, ~0.25 mi south of the
intersection with Interstate Highway 35 (I-35), Murray
County. This outcrop is ~2 mi north of the type section
of the Prices Falls Member (Stanley, 2001, stop 7, p.
56). The gamma-ray response for interval 7 (~10 ft above
the Sylvan Shale) represents the Prices Falls Member.
This interval is ~2 ft thick and is composed of argilla-
ceous mudstone. '

This outcrop is ~0.25 mi south of the Washita Val-
ley fault (see Rottmann and others, 2000, pl. 3) on the
upthrown side of the fault block. The fault has a verti-
cal displacement >3,000 ft. To the north, on the down-
thrown side of the fault, a number of wells have pen-
etrated the Hunton. Cross section C-C” (Fig. 2) corre-
lates the gamma-ray profile of the outcrop Hunton
with the subsurface Hunton in this immediate vicin-
ity. Notice the almost exact correlation for the
Chimneyhill Subgroup as a whole, and the Prices Falls
Member in particular, along the extent of the cross
section. This section therefore can be used as the ba-
sis for correlation of the Prices Falls Member of the
outcrop in the Arbuckle Mountains with equivalent
beds in the subsurface of the Anadarko basin. Thus,
the intent of this paper to tie the outcrop of the Prices
Falls interval to cross section B-B” of Rottmann and
others (2000, pl. 4) has been accomplished by cross
section C—0O’ (Fig. 2), as can be seen in the correlation
from right (outcrop) to left (subsurface).

IMPORTANCE OF THE SUBSURFACE
CORRELATION OF THE PRICES FALLS MEMBER

As pointed out in the Hunton play-based workshop
(Rottmann and others, 2000), the source area for many
of the clastics of the Hunton Group was probably from
the south or southeast. These clastics settled outin a
northward direction, resulting in a gradation from

.shales (southern parts of Oklahoma) to marls to shaly
limestones (northern parts of Oklahoma). The Prices
Falls is one such example of this facies gradation. The
Gulf Oil Corp. No. 2 Wheeney well (Fig. 2, cross sec-
tion C—C") shows a decreased gamma-ray value for
the Prices Falls in comparison to the remaining wells
of the cross section. The Wheeney well is also the tie
well for this cross section and regional cross section

B-B’ (Rottmann and others, 2000, pl. 4). Notice that
along cross section B-B’ the Prices Falls can be corre-
lated from well 1 (the No. 2 Wheeney) through well 10
(a distance >130 mi). The Prices Falls changes gradu-
ally to a marlstone or shaly limestone from south to
north. The thickness of the Prices Falls also increases
dramatically. The reasons for this thickness increase
to the north, away from the depocenter of the Ana-
darko basin, are described in detail in Rottmann and
others (2000).

Cross sections A—A", H-H’, N-N’, and 0-O" in
Rottmann and others (2000) were prepared, in part,
to show the detailed correlation of the Clarita Forma-
tion, including the differentiation between the Prices
Falls Member and the overlying Fitzhugh Member.
These cross sections break the Fitzhugh down into
beds 1, 2, and 3. It is these beds in which the produc-
tive dolomites for many of the reservoirs in west-cen-
tral, central, and east-central Oklahoma are found.
Regional correlation and recognition of the Prices Falls
Member are therefore necessary to distinguish the
beds of the productive Fitzhugh Member from strata
of lesser productive capacity.
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Bypassed Gas Production in a Recently Discovered Hartshorne Gas Reservoir
and Recogpnition of Important Reservoir Facies, Arkoma Basin, Oklahoma

Richard D. Andrews
Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—Cabaniss NW field is a Hartshorne sandstone gas reservoir discovered in
1974. The first production was obtained in 1979, and a total of ~1.8 billion cubic feet of gas
(BCF) was produced over a 16-year period from mostly marine delta-front facies. In 1994 a
major channel sandstone was identified in a development well that had production capabili-
ties far greater than any previous Hartshorne well. During the 7-year period from 1994 to
2000 an additional 4.3 BCF was produced, mostly from the newly recognized channel facies.
This incremental gas production is more than twice the amount produced prior to discovery
of the channel facies.

The purpose of this study is to show how development drilling can be enhanced by using
well logs to interpret depositional environments and identify principal reservoir facies. This
field study in its entirety is included in a 1998 Oklahoma Geological Survey Special Publica-
tion of the Hartshorne play in southeastern Oklahoma (Andrews and others, 1998). For the
current report it has been condensed and updated through April 2001. This field is particu-
larly suitable for a study like this because most wells have modern logs and good production
records, and the log signatures of basic depositional environments are generally very clear.

- All well logs were evaluated, and facies were assigned as either channel or marine (delta
front) entirely on the basis of well-log signatures. In this field, all channel deposits have
sharp basal contacts with shale, and blocky to fining-upward textural log profiles, whereas
the marine deposits have coarsening-upward log profiles usually with sharp upper contacts.
Channel deposits containing little sandstone can be more interpretive and are described
later in this report. '

Results of this field study indicated that the greatest gas production comes from wells
completed in reservoirs having channel sandstone (reactivated distributary channels). The
smallest production is attributed to wells completed in sandstone deposited in a marine
delta-front environment adjacent to the channel deposits. As an example, channel wells in
Cabaniss NW field produce 0.5 to >1.0 BCF—about 4 times the rate in comparison to wells
completed in the marine facies. Additionally, it was determined that channels in Cabaniss
NW field are older, though stratigraphically higher, than the regionally incised channel
deposits east of the field.

The biggest problem for many operators seems to be recognizing depositional environ-
ments from wireline logs, and using this information to support development drilling. Al-
though this technique is not new, recognition of channel environments from marine depos-
its, even in the absence of significant sandstone, is sometimes possible using gamma-ray,
resistivity, and porosity logs. The application of this interpretive technique could have pre-
vented the drilling of many marginal gas wells and focused attention much earlier on the
channel facies as the primary reservoir in this field.

INTRODUCTION

Cabaniss NW field was discovered in 1974 by KWB
0Oil Co. and is located primarily in northwestern
Pittsburg County in southeastern Oklahoma (Fig. 1).
Drilled in the SE% sec. 18, T. 6 N, R. 12 E., the dis-
covery well was completed in Hartshorne marine
delta-front deposits consisting of 11 ft of net (=8% po-
rosity) sandstone and initially produced only 62,000

cubic feet of gas per day (MCFGPD). The recognition
of depositional environments and the utilization of
this information for subsequent development drilling
were not practiced during most of the field’s history.
Since discovery of Hartshorne gas in Cabaniss NW
field, about 6.1 billion cubic feet of gas (BCFG) was
produced from 21 wells at depths of about 3,300 ft.
However, about 75% of this gas was recovered after

Andrews, R. D., 2002, Bypassed gas production in a recently discovered Hartshorne gas reservoir and recognition of important reservoir
facies, Arkoma basin, Oklahoma, in Cardott, B.J. (ed.), Revisiting old and assessing new petroleum plays in the southern Midcontinent,
2001 symposium: Oklahoma Geological Survey Circular 107, p. 129-136.
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in northwestern Pittsburg and eastern Hughes Counties, Oklahoma. &
1994 (~4.3 BCF) from only eight wells when thicker, STRATIGRAPHY

more porous channel sandstone was discovered in the
south-central part of the field. During the previous
16 years (starting in 1979), gas production came

mostly from thin, tight marine delta-front deposits, .

even though one well penetrated channel-margin
strata in 1976. Although the principal field operators
were experienced and competent in field operations,
they had little experience in facies identification from
well logs, which delayed development of the best part
of the field until just recently. As late as September
1998 and January 1999, facies recognition was still
not fully understood by the operators, and traditional
sandstone-isopach-mapping practices prevailed in
drilling for thicker sandstone trends regardless of fa-
cies. The results of these two wells were predictably
poor, and the primary reservoir (channel sandstone)
was not found. The most recent well drilled in
Cabaniss NW field was the TPX No. 1 Hilseweck
(SW% sec. 21, T. 6 N, R. 12 E; see Fig. 1). Drilled in
May 2001, the well encountered a relatively thick
channel-sandstone sequence, as predicted by facies
mapping, but the well was abandoned because the
- sandstone was wet.

Two logs that are representative of Hartshorne
stratigraphy in Cabaniss NW field, together with
stratigraphic nomenclature, are shown in Figure 2.
The log traces for the No. 2-18 Blevins well (type log
on left) are characteristic of channel deposits in the
field. In this well the sandstone has a sharp basal con-
tact with shale and an overall fining-upward textural
profile, as determined from the gamma-ray- and re-
sistivity-log traces. The cross-plot porosity is about 12—
14%, and the photoelectric (PE) log clearly deviates to
the left of the shale baseline and has a value of 2-3,
indicating sandstone. Curiously, the spontaneous-po-
tential (SP) log shows an upward-increasing deflec-
tion, which is contrary to what is implied with all other
log traces in the Blevins well. Therefore, the SP log is
generally not a reliable indicator of depositional envi-
ronments or textural patterns and should not be used
by itself for this purpose. Its value is primarily in the
detection of permeability.

The log of the well on the right in Figure 2, the No. 3-
20 Hilseweck, is characteristic of marine delta-front
deposits having an upward-coarsening textural profile.
Additionally, a thin distributary channel may overlie
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this marine sequence (uppermost sandstone bed). This
stratigraphic assemblage is indicative of a prograda-
tional deltaic sequence, which is interpreted as the main
depositional environment of the Hartshorne Formation
in this area: Thicker channel deposits in this field ap-
pear to have cut down into the delta front in response to
sea-level changes, causing stream reactivation. The
marine deposits generally exhibit the best porosity and
the cleanest sandstone at the very top of the deposi-
tional cycle, whereas optimum sandstone development
in the fluvial channels is lower in the same stratigraphic
section. The porosity in the marine sandstone is typi-
cally less than 8-10%, and the logs indicate that the
sandstone is very shaly. In many places, marine sand-
stone directly underlies the Hartshorne coal; where this
is the case, some question exists regarding the contri-
bution of coalbed methane to the total amount of gas
recovered from the sandstone.

STRUCTURE
Cabaniss NW field lies just north of the western
extent of the Talawanda syncline (Fig. 3). The struc-
ture map depicts the top of the Hartshorne Forma-
tion (Hartshorne coal). The main purpose of this map
is to show that no significant faulting affects produc-
tion in this field: it is purely a stratigraphic trap.

SANDSTONE DISTRIBUTION
Figure 4 shows the distribution of gross sandstone
as it might have been mapped prior to 1981, before
many of the gas wells were drilled. The amount of gross

sandstone was determined from the 50% sand-shale
line from gamma-ray logs and includes total sandstone
thickness in the Hartshorne Formation, regardless of
porosity or facies. Two sandstone trends are mapped
separately in this figure: undifferentiated Hartshorne
sandstone that is productive within the field (trend-
ing east-west), and a regionally extensive incised-
channel complex trending northeast—southwest. Sand-
stone in the regional incised channel is much lower
stratigraphically and has cut down completely through
the Hartshorne Formation into the underlying Atoka
shale. Many geologists fail to recognize this point and
interpret the Cabaniss sands as a western offshoot of
the regional incised channel, which is incorrect.
Figure 5 is the most current gross-sandstone inter-
pretation, which incorporates data from all wells drilled
through April 2001. The geometry of the Cabaniss sand-
stone has changed significantly because of the delinea-
tion of the channel facies after 1994, and also because of
a key well in the NW% sec. 21, T. 6 N, R. 12 E. (Fig. 6,
center well). This well, the Gulf No. 4 Hilseweck, was
plugged and abandoned in January 1997 after finding
no porous sandstone in the Hartshorne. A month later,
Gulf sidetracked their well to a bottom-hole location
(BHL) only ~850 ft to the southwest but similarly found
no sandstone. An analysis of the well logs, however, re-
vealed important information to the author. The side-
tracked well (No. 4-A Hilseweck, Fig. 6, right well) ap-
peared to have crossed a facies boundary from marine
strata in the vertical well (the No. 4 Hilseweck) to an
abandoned-channel facies in the sidetracked well. This
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means that the channel extends to the south of the ver-
tical Hilseweck well, not to the north. As shown in Fig-
ure 5, the Cabaniss channel is interpreted to extend in
a southeasterly direction across the eastern part of sec.
20 and the southwestern part of sec. 21 before being
truncated by a much younger and regionally extensive
incised-channel complex. Because the reactivated chan-
nel facies in Cabaniss NW field is only about 0.5 to 0.75
mi wide, the thickest sandstone within the channel is
likely to be only a few hundred feet laterally from the

abandoned-channel facies, which consists mostly of shale

deposited within the channel after it was abandoned.
The term clay plug is often used in reference to this
facies, which commonly occurs in a part of the channel
having higher flow velocities and little deposition but is
directly adjacent to the sand bar.

DEPOSITIONAL MODEL AND RECENT DRILLING

The interpretation of the Hartshorne facies in the
study area is shown in Figure 7. The main northeast—
southwest-trending channel is one of several falling-
stage, incised channels that characterize the Harts-
horne play in the Arkoma basin. Thinner channels
such as those in the Cabaniss NW field (see left type
log, Fig. 2) are generally younger and stratigraphically
higher in the Hartshorne section and were formed by
reactivation of distributary channels (see right type
log, upper sandstone unit with highest porosity, Fig.
2). North and south of the Cabaniss channel are re-

gionally extensive marine delta-front sands that are
generally thin and tight.

Prior to acceptance of this model, two wells were
drilled late in the development history of the field.
Both locations were based on sandstone-thickness
changes between the Gulf Nos. 4-A and 4 Hilseweck
wells without consideration of facies. As shown in Fig-
ure 5, the thickness of sandstone increases from 0 ft
in the No. 4-A Hilseweck (no sand, abandoned-chan-
nel facies) to ~5 ft in the No. 4 Hilseweck (marine fa-
cies) over a lateral distance of only ~850 ft. Therefore,
thicker sandstone appears to trend farther north.

In late 1998, Gulf sidetracked the No. 4 Hilseweck
(sec. 21), this time to the north, and drilled the No. 5
Hilseweck to total depth in the NEUNWYXNWY sec.
21, ~800 ft north-northwest of the No. 4 Hilseweck
well. And in early 1999, Tilford Pinson Exploration
(TPX) drilled the No. 2 Hilseweck in the SW%4SE%SEY%
sec. 16, T.6 N, R. 12 E., which is ~0.6 mi northeast of
the No. 4 Hilseweck of sec. 21. Both these wells en-
countered relatively thin, tight sandstone in a marine
Hartshorne section, as predicted in the facies model
of Figure 7; the Gulf well was plugged and abandoned,
whereas the TPX well was completed for a very small
amount of gas (170 MCFGPD). No channel facies was
identified in either of these wells.

The relationship of the Gulf wells is shown in Figure
6. In the original vertical No. 4 Hilseweck (just east of
the C NW% sec. 21, T. 6 N., R. 12 E.), the Hartshorne
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Formation is ~70 ft thick, and the dirty sandstone at
the bottom of the section has a coarsening-upward tex-
tural profile typical of the marine facies. This is similar
to other marine Hartshorne sections in the field. The
sidetracked hole to the south is represented by the No.
4-A Hilseweck and is shown to the right of the vertical
well in Figure 6. Although this well encountered little
or no sandstone in the Hartshorne section, a thin sandy
“spike” at the very base of the Hartshorne Formation
produces a distinct, sharp basal contact with the under-
lying shale. This log signature is characteristic of an
abandoned channel and is clearly different than the log
response that characterizes marine rocks. In the No.
4-A Hilseweck sidetracked hole, the Hartshorne is ~80
ft thick, and even when considering wellbore angle, it is
still thicker than the marine Hartshorne section shown
for the vertical well. The well log on the left in Figure 6
is from the No. 5 Hilseweck, which was also sidetracked
from the No. 4 well but has a BHL ~800 ft to the north-
northwest. The Hartshorne Formation in the No. 5 well
is only ~65 ft thick and contains a marine Hartshorne
. section with little or no sandstone. The No. 2 Hilseweck
well drilled by TPX in sec. 16 did not log the Hartshorne
section, but sample descriptions indicated that a shaly
marine Hartshorne interval similar to the other ma-
rine sections was also encountered.
The most recent development well in Cabaniss NW
field was drilled by TPX in late May 2001. The infor-

Sidetracked to North
Gulf Production
Hilseweck No. 5
BHL NE NW NW sec.21, T. 6N., R.12E.
MARINE FACIES

R. D. Andrews

mation obtained from this well, the TPX No. 1 Hil-
seweck, bore out the geologic concept proposed in this
paper; the well is in the NE4SW%SWY sec. 21, T. 6

.N.,R. 12 E. (see Figs. 5, 7). As predicted, the well en-

Vertical Well
Gulf Production
Hilseweck No. 4
NW SE NW sec.21, T. 6N., R.12E.
MARINE FACIES

countered a relatively thick channel-sandstone se-
quence with 15 ft of net sandstone (porosity >8%) and
~39 ft of gross sandstone. However, the sandstone was
wet, and the well was abandoned.

GAS PRODUCTION

Through 2000, cumulative gas production from the
Hartshorne Formation was 6.1 BCF from 21 wells.
This averages 0.29 BCF/well. However, ~4.3 BCF was
produced from only eight channel wells, for an aver-
age of ~0.54 BCF/well. This is 4.5 times higher than
the cumulative gas production of an average marine
Hartshorne reservoir (~0.12 BCF).

The total cumulative gas production from all
Hartshorne gas wells in Cabaniss NW field is shown
in Figure 8. Values are in millions of cubic feet. The
channel outline is shown so that production from the
marine versus channel reservoirs can be clearly dis-
tinguished. Figure 9 is a plot of annual and cumula-
tive gas production. It is clear from the rapid upward
trend on the graph that the thicker, more porous chan-
nel reservoirs contributed almost three-fourths of to-
tal current gas production over a 6-year period, start-
ing in 1994. This incremental gas production was es-

Sidetracked to South
Gulif Production
Hilseweck No. 4A
BHL 8% S NW sec.21, T. 6N., R.12E.
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Figure 6. Log character and facies determinations of the Hartshorne Formation in the Gulf No. 4-21 Hilseweck well (center) and
two sidetracked wells, Cabaniss NW field. BHL = bottom-hole location.
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Figure 7. Depositional-facies map of the Hartshorne Formation in the Cabaniss NW field study area.

sentially bypassed for 20 years following discovery of
the field in 1974.

SUMMARY AND CONCLUSIONS

Well logs can be used to interpret basic depositional
environments in many geologic circumstances. In
Cabaniss NW field, two basic depositional origins of
sandstone can be easily interpreted from
gamma-ray and resistivity well logs:

ervoirs is much larger in comparison to their marine
counterparts. Channel wells produced 0.34 to >1 BCF
and averaged ~0.56 BCF/well (there are eight “chan-
nel” wells). The channel sandstones are distinctive in
having a sharp lower contact with shale and a blocky
to fining-upward textural profile. The channel se-
quences are usually thicker than the marine depos-

channel and marine delta front (distribu- R11E R 12 E

tary-mouth bar). Sandstone in the marine
sequences is generally <10 ft thick and is

shaly and tight, with a coarsening-up-
-ward textural profile. In these types of 455
reservoirs, gas production ranges from <
practically nothing to almost 0.3 BCF and

1297

No Data

g2

274
Marine Delta Front

et * ﬁgs 7430

averages ~0.12 BCF (there are 13 “ma-
rine” wells). Because the delta-front sand-
stones generally underlie the Hartshorne
coal (about 2-4 ft thick), an unknown

Hios

amount of coalbed methane may have
contributed to overall cumulative gas pro-
duction. Gas production from channel res-

A

Combined 4 Channel

Figure 8 (right). Gas production from wells in
Cabaniss NW field. Values are in millions of cu-
bic feet. The areal extent of the Cabaniss chan-
nel is shown to compare production from chan-
nel- versus marine-sandstone reservoirs. Pro-

25 § 30

duction is current through December 2000.
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Figure 9. Plot of annual and cumulative Hartshorne gas production in Cabaniss
NW field. Production is current through December 2000.

its: 20—40 ft in comparison to <10 ft for the marine
deposits.
The recognition of reservoir facies could have pre-

ment of the field in the mid- to late 1970s.
Recent drilling during the mid- to late
1990s focused on the channel facies, al-
though it seemed as if the principal opera-
tors were not adept at interpreting these
facies from well logs and continued to drill
wells in areas that predictably have ma-
rine strata, despite adequate well data to
avoid such mistakes. The most recent well
drilled in Cabaniss NW field (May 2000) is
the TPX No. 1 Hilseweck. The location of
this well in the SW% sec. 21, T.6 N., R. 12
E., was determined from the sandstone
isopach map and facies model of Figures 5
and 7, respectively. The well encountered
a relatively thick channel-sandstone se-
quence as predicted but was abandoned be-
cause the sandstone was wet.
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Case Study: AVO Analysis in a High-Iimpedance Atoka Sandstone
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ABSTRACT.—Amplitude variation with offset (AVO) analysis can be used to detect and
delineate gas-bearing fluvial-deltaic Atokan sandstone stratigraphic traps. These class I
high-impedance gas-sand reservoirs are recognized by a characteristic phase change with
increasing offset, a positive AVO intercept, and a negative AVO gradient.

INTRODUCTION

The variation of reflection coefficients with source-
to-receiver spacing in multi-offset seismic data is known
to contain information about lithology and pore-fluid
content of subsurface rocks (e.g., Ostrander, 1984). How-
ever, such analysis is particularly challenging for thin,
high-impedance reservoirs (Rutherford and Williams,
1989). In such instances, a key component of amplitude
variation with offset (AVO) analysis is a methodology
for response calibration so that fluid properties can be
interpreted vertically and laterally away from a bore-
hole with a high degree of confidence (e.g., Hong and
others, 1993). The use of AVO as a direct hydrocarbon
indicator in clastic rocks is based on differences in the
response of the compressional-wave (P-wave) velocity
(Vp) and the shear-wave (S-wave) velocity (V;) of a res-
ervoir rock to the introduction of gas into the pore spaces.
P-waves are sensitive to changes in pore fluids. The in-
troduction of only a small amount of gas into the pore

spaces of a rock can greatly reduce the P-wave velocity.

In contrast, the S-wave velocity is only weakly depen-
dent on pore-fluid content. Thus, the introduction of
hydrocarbons decreases the V,/V; ratio. This decrease,
upon the introduction of gas into the pore space, changes
the relative amplitudes of the reflections from the top
and the base of the reservoir as a function of the angle
of incidence. For thin beds (i.e., less than one-fourth
wavelength), interference between reflections from the
top and the base of a reservoir may obscure the AVO
response (Ostrander, 1984).

The objective of this study was to determine if AVO
analysis could be used to identify and delineate thin,
high-impedance Atokan gas sands in the northern
Arkoma basin.

LOCATION

The area of study lies on the shelf area of the north-
ern Arkoma basin, in McIntosh County, Oklahoma
(Fig. 1). The target reservoir is the Pennsylvanian
Atoka sand. Figure 2 shows the general stratigraphic
column of the Oklahoma portion of the Arkoma basin.
The geologic setting is described in the Appendix and
is described more fully by Montgomery (1989) and
Flawn (1985).

WELL DATA

Well logs from the No. 1-15 Wright well (Fig. 3) were
available for this study. These include the gamma-
ray, deep- and shallow-resistivity, and porosity logs
(neutron, density, and sonic). The target reservoir is
fluvial Pennsylvanian lower Atoka sand at depths of
2,585-2,695 ft. The perforated interval (2,610--2,638
ft) showed initial production of 88 thousand cubic feet
of gas per day (MCFGPD). The main reservoir pack-
ageis 110 ft thick (2,585-2,695 ft) and consists of sand,
shaly sand, and shale. We assume that most produc-
tion comes from the thin, clean sand body (2,611-2,618
ft) within the package. The pay interval shows an av-
erage porosity of 10%. The neutron—density cross-plot
shows that the pay-interval log responses exhibit gas
effects (F'ig. 4). Other sand bodies at 2,350 ft (45 ft
thick) and 2,495 ft (30 ft thick) show gas.

SEISMIC DATA

A seismic survey was taken along a 3.5-mi two-di-
mensional (2-D) line oriented north—south about 1,300
ft from the No. 1-15 Wright well. Acquisition and proc-
essing parameters are listed in Tables 1 and 2.

Special processing for AVO included parabolic ra-

Eissa, M. A.; and Castagna, J. P, 2002, Case study: AVO analysis in a high-impedance Atoka sandstone (Pennsylvanian), northern
Arkoma basin, Mcintosh County, Oklahoma, in Cardott, B. J. (ed.), Revisiting old and assessing new petroleum plays in the southern
Midcontinent, 2001 symposium: Oklahoma Geological Survey Circular 107, p. 137-151.
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Figure 2. Generalized stratigraphic column and subsurface
nomenclature (right column) of the Oklahoma portion of the
Arkoma basin (modified from Hendrick, 1992).

don filtering (Hampson-Russell invest procedure, 10—
80 Hz and time shifts from +80 to —80 ms were passed)
of supergathers consisting of 10 summed common-
depth-point (CDP) gathers. Figure 5 shows real-data
gathers before and after radon filtering, and the sub-
tracted-noise model.

SEISMIC MODELING

Primaries-only, ray-trace synthetic seismograms
using sonic and density logs from the No. 1-15 Wright
well were generated, using the extracted wavelet at

the well location (Fig. 6). Synthetic gathers were nor-
mal-moveout (NMO) corrected and calculated at the
same offset as the real data (from 0 to 3,800 ft) with
no correction for spreading, transmission loss, attenu-
ation, or geophone-array response. S-wave velocity was
estimated using the mudrock equation for brine-satu-
rated rocks (Castagna and others, 1985). Figure 7
shows the brine model, which shows an amplitude
decrease with increasing offset at the target horizon.
In the gas model, Poisson’s ratio for the target reser-
voirs was changed to 0.1 in two ways: in gas model 1,
changing V; and keeping V), fixed as measured (Fig.
8); and in gas model 2, changing V, and keeping ¥
fixed (Fig. 9). The top and the base of the 110-ft sand
package are distinctly recognizable in the synthetics.
In the brine model, target reservoirs show no AVO
anomaly. In gas model 1 (Fig. 8), however, the top of
the main reservoir (480 ms two-way traveltime, or
TWT) shows a strong peak in the near offset traces,
which decrease its amplitude with an increase of off-
set and lead to a change in polarity (at about 20°) and
an increase of the trough amplitude in the far offset
traces. The base of the reservoir is expressed in a
trough at 497 ms TWT in the near offset, which has
the reverse AVO behavior as the top. Notice similar
AVO anomalies for sand bodies at 430 ms and 470 ms.
The near and far offsets of the real data are more simi-
lar to the AVO response of gas model 2 (Fig. 9). This
suggests that the sonic logs are measuring P-wave
velocities that are higher than those to which the seis-
mic data are responding. The AVO response of the
real data exhibit typical AVO behavior for class I sands
with a phase change with offset according to the Ru-
therford and Williams (1989) classification. Near-stack
and far-stack sections (Fig. 10) exhibit clearly anoma-
lous AVO responses between CDPs 215 and 226 at
480 ms TWT.

AVO INVERSION

AVO inversion was performed by using an itera-
tive and linearized algorithm that allows fixed con-
straints (Hampson-Russell AVO inversion algorithm).
This requires a starting model with a known number
of layers for V}, V;, density, and thickness. AVO inver-
sion was performed using the brine model, gas model
1, and gas model 2 as starting models. The maximum
values of parameters to change are as follows: V;, 5,000
ft/s; density, 1.0 g/cm?; layer thickness, 100 ft; V;, 5,000
ft/s. The model consists of 63 layers.

Brine-Sand Starting Model

Figure 11 shows the AVO inversion for near off-
sets, allowing only V}, density, and thickness to change.
The starting model is the brine model, using the origi-
nal well-log data. The V, and density values after in-
version (thick black curves) show only minor changes.
Figure 12 shows the AVO inversion for all offsets, al-
lowing only V;to change and using the near-trace in-
version results, with V; predicted from trend curves
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Figure 3. Well logs for target reservoirs within the Atoka interval in the No. 1-15 Wright well. Gas-

bearing sands are indicated by arrows.

as the starting model. Note that V;, after inversion
(thick black curve), has slightly decreased in the lower
part of the main gas intervals at 485 to 495 ms TWT.
An abnormal increase of Viis observed at 463 ms TWT
(2,495 ft), which indicates an abnormal decrease in
the Poisson’s ratio curve (0.12), presumably caused
by the presence of gas. The Poisson’s ratio curve
slightly increases at the bottom of the main gas inter-

val and exhibits a major decrease at 463 ms TWT
(2,495 ft).

Gas-Sand Starting Model 1

AVO inversion was performed by using gas model
1 as the starting model (Fig. 13). V, and density re-
flect only minor changes after inversion for the near
trace. These were used as the starting model for the
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full gather, allowing only V; to change (Fig. 14). V; in
the lower part of the main gas interval was decreased.
No significant changes were evident in the top of the
main reservoir. Note an abrupt increase of V; at 463
ms TWT (2,495 ft). Poisson’s ratio increases for the
bottom part of the main gas interval. A major decrease
in Poisson’s ratio occurs at 463 ms (2,495 ft). An in-
verted Poisson’s ratio curve indicates no gas at 440
ms (2,350 ft) and at 457 ms (2,460 ft).

Gas-Sand Starting Model 2

First, after allowing V}, density, and layer thick-
ness to change (Fig. 15), the inverted V}, and density
were shifted 9 ft upward, with an increase in the lower
part of the main reservoir. Figure 16 shows the AVO
inversion for the full gathers, using the near-trace
inversion results as the starting model and allowing
only V; to change. Inverted V; decreases in the lower
part of the main gas intervals. Poisson’s ratio increases
at the base of the main reservoir and does not change

Table 1. — Acquisition Parameters

Energy-source type Dynamite
Source interval 110 ft
Source size 1 Ib per shot
Source depth 51t
Recording instrument Bison
Record length 2s

Sample rate 2ms
Geophone type 20D (10 Hz)
Group interval 110 ft

Geophone layout 12 over 110 ft

at the top of this reservoir. A Poisson’s ratio drop to
0.1 at 463 ms TWT (2,495 ft) indicates gas. Poisson’s
ratio indicates no gas in the other two intervals at 440
ms (2,350 ft) and 457 ms (2,460 ft).

Both gas models confirm the presence of gas at the
top of the main reservoir at 480 ms TWT (2,590 ft).
Another gas interval was detected by the inversion at
463 ms (2,495 ft). A gas interval at 440 ms (2,350 ft)
was not apparent after the inversion.

SUMMARY AND CONCLUSION

A lower Atoka (Pennsylvanian) high-impedance
sand package has been shown to exhibit a class I AVO
anomaly with a phase reversal. This suggests that
AVO analysis may be a useful tool for detecting and
delineating high-impedance gas sands in the north-
ern Arkoma basin. AVO inversion indicates the pres-
ence of gas in this lower Atoka sand.
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APPENDIX

The Arkoma basin is an arcuate foreland trough
stretching some 250 mi across southeastern Oklahoma
into central Arkansas. From Late Cambrian to Early
Pennsylvanian (basal Atokan) time, the area now occu-
pied by the basin was part of an Atlantic-type margin
(shallow shelf) marking the southern edge of the Paleo—
North American continent.

A basic transgressive sequence, with significant in-
terruptions, progressed from basal Cambrian sands
(Reagan) to a thick carbonate series (Arbuckle Group) to
a mixture of carbonate, sand, and shale (Simpson, Viola,
Sylvan, Hunton), and finally to an episode of mainly shale
deposition (Woodford, Caney). The entire sequence ended
in a briefperiod (latest Chesterian—basal Atokan) of shal-
low-water sand and lime sedimentation (Cromwell, Union
Valley, Wapanucka, Spiro), which presumably reflects
regression associated with the earliest stage of foreland
basin formation. Subsequent subsidence during the Early
to Middle Pennsylvanian was extremely rapid.

In direct response to the major Ouachita collisional
event, a thick “flysch” wedge (Atokan, lower Desmoines-
ian, in the southern basin area) resulted, and then, with
progressive shoaling of the basin, the southward progra-
dation of major delta complexes (Hartshorne, Savanna,
Boggy Formations) and accompanying coal swamps oc-
curred.

In southeastern Oklahoma, the total basin fill varies
from ~5,000 ft near the northern shelf edge to 20,000 ft

Table 2. — Sequence of Digital Processing

Gain correction:
Type
Relative amplitude scaling

Elevation and drift correction:
Datum
Replacement velocity
Refraction statics

Deconvolution (surface consistent):
Design gate

Exponential

700 ft above sea level
10,500 ft/s
Hand and automatic

0.08-1.2 at O ft offset
0.74-1.5 at 6,930 ft offset
128 ms

0.1%

10/20-110/120 Hz

Operator length
Prewhitening
Bandpass

CDP sort

Velocity analysis

NMO correction

Automatic residual static Window 0.1-0.9 s
Zero phase spectral amplitude balancing

Trim statics

F-X Deconvolution

Migration

or more near the Choctaw fault, the first major fault of
the frontal Ouachita system with continuous surface ex-
pression. Atokan sediments, representing the main stage
of foreland basin subsidence, increase in thickness from
a few hundred feet on the flanks of the Ozark uplift to
more than 10,000 ft in the vicinity of the Choctaw fault,
a distance of some 25-30 mi (Montgomery, 1989).
Many folds and faults in the Arkoma basin were pro-
duced by horizontal compressive forces related to the
Quachita orogeny. The compressive forces were directed
north and northwest and decreased in intensity away
from the OQuachita Mountains region. Nonetheless, anti-
clines and synclines are tightly folded and terminated
by the thrust faults near the southern margin of the ba-
sin. Gas produced from the structures is typically dry,
being approximately 95% methane (Flawn, 1985).
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Seal Characterization and Fluid-Inclusion Stratigraphy of the Anadarko Basin

Zuhair Al-Shaieb, James O. Puckette, and Amy Close
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Stillwater, Oklahoma

ABSTRACT.—The Anadarko basin of western Oklahoma and the Texas Panhandle con-
tains >30,000 ft of Paleozoic sedimentary rocks. These rocks embrace a tiered system of
shallow-normal, overpressured, and deep-normal pressure domains. A hierarchy of seals
separates pressure tiers and compartmentalizes the basin.

The pressure architecture of the basin includes an overpressured and completely sealed
compartment called the megacompartment complex (MCC), which is composed mainly of
Mississippian and Pennsylvanian rocks. First-order seals separate the primary pressure
tiers and isolate the MCC. Second-order seals separate stratigraphic intervals, and third-
order seals separate individual compartments and contribute to reservoir heterogeneity.

The seals are rich in fluid inclusions, which provide insight into seal genesis and burial
history. Early silica-cement phases formed protoseals that preceded oil generation. These
seals evolved with burial and began to confine overpressures caused by hydrocarbon gen-
eration and thermal expansion. Once the seals were in place, overpressures were generated
by the thermal transformation of liquid petroleum into gas.

Capillary-pressure measurements indicate that seals in the Anadarko basin have a
high sealing capacity and were capable of confining overpressures across geologic time.

INTRODUCTION . Pressure measurements indicate that this thick col-

The Anadarko basin, in western Oklahoma and the umn of rocks contains a tiered pressure system con-
Texas Panhandle, is an asymmetric, fault-bounded, sisting of shallow-normal, overpressured, and deep-
elongate depositional and tectonic basin that contains ~ normal pressure domains. A hierarchy of seals sepa-
>30,000 ft of Paleozoic sedimentary rocks (Fig. 1).  rates pressure tiers and compartmentalizes the ba-
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Figure 1. Generalized schematic cross section of the Anadarko basin, show-
ing boundaries (heavy lines) of the megacompartment complex (MCC).
Location of Anadarko basin is shown on inset map. Depths are in feet. From
Al-Shaieb and others (1994a).

sin. These seals evolved during the
rapid-subsidence phase of the basin and
contain diagenetic- and capillary-pres-
sure components.

Inclusion data support the hypothesis
that liquid-to-gas transformation was a
primary source of overpressuring in the
basin. Hydrocarbon generation and trans-
formation sharply decreased and ulti-
mately ceased as a result of cooling fol-
lowing the Laramide uplift. Therefore,
seals that maintained their integrity
across geologic time confined the overpres-
sure that presently exists in the basin.

PRESSURE ARCHITECTURE
OF THE ANADARKO BASIN
Al-Shaieb and others (1994a,b, 1999)
described the pressure architecture of the
Anadarko basin and established the pres-
ence of an overpressured and completely
sealed basin-scale compartment called
the megacompartment complex (MCC)
(Fig. 1). The MCC is composed primarily

Al-Shaieb, Zuhair; Puckette, J. O.; and Close, Amy, 2002, Seal characterization and fluid-inclusion stratigraphy of the Anadarko basin, in
Cardott, B. J. (ed.), Revisiting old and assessing new petroleum plays in the southern Midcontinent, 2001 symposium: Oklahoma

Geological Survey Circular 107, p. 1563-161.
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of rocks of the Mississippian and Pennsylvanian Sys-
tems (Fig. 2). Its interior consists of a network of to-
tally isolated, smaller compartments that are sepa-
rated by seals.

A compartment hierarchy, based on size and dis-
tribution, was developed to classify compartments (Fig.
3). Level 1 is a regional feature that includes most of
the overpressured rocks in the basin. Level 2 is a field-
or district-size feature, with relatively uniform pres-
sures, that is confined within a stratigraphic interval.
Level 3 is the smallest in size and consists of reser-
voir-size compartments. The size and geometry of
these compartments are strongly linked to their depo-
sitional setting and facies (Al-Shaieb and others,
1994b).

Compartments are delineated by their distinct pres-
sure values and/or fluid compositions. The intricate
internal structure of the MCC is a result of the evolu-
tion of this complex of seals and compartments. Iso-
lated, overpressured satellite compartments, which
occur outside the MCC, are found in the Simpson and
Hunton Groups.

CLASSIFICATION OF SEALS

Seals in the Anadarko basin were classified accord-
ing to the size of the compartments they confine (Fig.
4). First-order seals are regional-size, separate over-
pressured and normally pressured domains and iso-
late the MCC. The MCC is bounded on the base by a
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Figure 2. Generalized stratigraphic column of the Anadarko
basin, showing the rock units that contain the MCC and local
overpressured “satellite” compartments.

CAMBRIAN

first-order seal that corresponds to the Devonian—Mis-
sissippian Woodford Shale in the central and western
parts of the basin and/or the Mississippian Caney
Shale in the eastern part. Another first-order seal oc-
curs at the top of the MCC and separates the shallow-
normal-pressure tier from the overpressured MCC. A
third first-order seal forms the southern boundary of
the MCC. This vertical seal is associated with the
Wichita frontal fault zone and is composed of highly
cemented Pennsylvanian conglomerates.

Second-order seals divide the MCC into smaller
compartments that conform to stratigraphic intervals.
These seals typically coincide with shale that repre-
sents late-stage transgressive-systems-tract deposition
and might correspond to maximum flooding surfaces.
Second-order seals in the Anadarko basin are evident
on pressure—depth profiles as the boundaries between
pressure “steps.” The pressures at each step are simi-
lar and represent measurements from the same strati-
graphic horizon. The adjacent steps are formed by
pressure measurements from overlying and underly-
ing stratigraphic horizons.

Third-order seals subdivide reservoirs within strati-
graphic intervals. These seals are flow barriers that
contribute to reservoir heterogeneity.

DIAGENETIC BANDING

Many seal rocks display unique diagenetic band-
ing that formed as a result of the interplay of stress-
induced mineral reactions, pore-fluid interactions,
mass transport, and precipitation (Al-Shaieb and oth-
ers, 1994¢, 1999). This diagenetic signature is present
in rocks that were buried deeply enough to enter the
“seal window.” In the Anadarko basin, the seal win-
dow occurs at about 6,000 to 10,000 ft. Rocks from
shallower intervals lack these banding features. The:
origin of diagenetic bands has been simulated by us-
ing reaction-transport models developed by Dewers
and Ortoleva (1988, 1990).

Within the MCC, diagenetic banding is manifested
as silica-cement bands that consist of zones of en-

T —

[ NORMAL AND SUBNORMAL PRESSURES |

LEVEL 3 LEVEL 2

§ OVERPRESSURES

LEVEL 1

NORMAL PRESSURES

BASEMENT ROCKS

Figure 3. Classification of pressure compartments. Level 1
coincides with the MCC. Level 2 represents large field- or
district-size features with similar reservoir pressures. Level 3
represents small field- to reservoir-size compartments.
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Figure 4. Pressure evidence of first-order and second-order
seals seen on a pressure—depth profile from the western
Anadarko basin. First-order seals at the base and top of the
MCC isolate it from adjacent normal-pressure tiers. Second-
order seals within the MCC separate stratigraphic units and
create the “steps” evident on the profile.

hanced quartz overgrowths alternating with bands
that contain intergranular porosity. Some of the silica
seemed to be derived from pressure solution of quartz
grains in the adjacent band. Other silica apparently
was transported in from another source. Porous re-
gions commonly contain thicker clay coatings on
grains, suggesting clay inhibition of quartz cementa-
tion. Silica bands occurred relatively early in the dia-
genetic history (5,600 ft at 65°C) and reflect mechano-
chemical processes associated with burial compaction,
dissolution, and precipitation (Al-Shaieb and others,
1994c; Ortoleva and others, 1995).

Some shale and siltstone in seal zones contain dis-
tinct diagenetic bands. Comparative analysis of cores
and outcrops reveals that these bands are noticeably
absent in clay-rich rocks that were never buried
deeply enough to become overpressured. Pennsylva-
nian and Mississippian shales that entered the seal
window exhibit two types of banding. In the Pennsyl-
vanian (Desmoinesian) Pink limestone—Red Fork
sandstone interval, diagenetic bands of silica and chlo-
rite appear to have formed independently of deposi-
tional features. On the other hand, silica banding in
the Devonian—Mississippian Woodford Shale usually
occurs as an enhancement or modification of existing

sedimentary features (Al-Shaieb and others, 1994c).

Satellite pressure compartments occurring outside
the MCC have a significant diagenetic component to
their seals. Satellite compartments in the Ordovician
Simpson Group contain alternating permeable and
cemented sandstone beds. The compositionally homo-
geneous Bromide sandstone contains silica bands that
were apparently generated by local dissolution and
precipitation. Sandstone with a thin, nonpervasive clay
grain coating compacted and became a silica source
as penetrating grain contacts liberated silica. Adja-
cent intervals received imported silica and evolved into
silica-cemented bands. Clay coating inhibited silica
precipitation and preserved primary porosity in po-
rous bands.

A second type of banding in the Bromide sandstone
is composed of carbonate that precipitated after the
silica bands were formed. Carbonate-cemented bands
consist of calcite or dolomite that alternate with po-
rous bands of silica-cemented sandstone. Carbonate
and silica bands occur on similar scales. They occur
on a millimeter scale within a thin interval and as
thicker (centimeter-scale) homogeneous bands. The
earliest diagenetic calcite cements apparently were
derived from compactional dissolution of carbonates
within or adjacent to the sandstone. Potential sources
include limestone beds and fossil-rich zones within the
sandstone as well as overlying Bromide and Viola car-
bonates. Detailed descriptions of these bands are found
in Al-Shaieb and others (1994¢, 1999) and Tigert and
Al-Shaieb (1990).

BURIAL HISTORY AND SEAL GENESIS

A burial-history curve, modified from Schmoker
(1986), depicts relative subsidence and depositional
rates for the Anadarko basin (Fig. 5). The basin un-
derwent modest subsidence rates and sediment accu-
mulation until the Pennsylvanian orogenies, when
~20,000 ft of sediment accumulated in ~40 million
years. The rapid subsidence and burial associated with
these orogenies generated geochemical disequilibrium
that contributed to dissolution and re-precipitation.
These processes are reflected by cementation episodes
(Q-1, C-1, Q-2, and C-2) described by Al-Shaieb and
others (1994c). Homogenization temperatures of fluid
inclusions from these cement phases were used to es-
tablish their timing.

The first episode (Q-1) coincides with the genera-
tion of early silica cement that precipitated at tem-
peratures of 70°-100°C. The second episode consists
of calcite cement (C-1) containing aqueous inclusions
that formed at about 80°-110°C. The third episode
(C-2) is higher temperature calcite (95°-140°C) that
contains petroleum-bearing aqueous inclusions. The
fourth episode is higher temperature (110°-120°C)
silica cement (Q-2) that contains petroleum (Al-Shaieb
and others, 1994c).

Fluid inclusions from silica and carbonate cements
in the large lateral seal zone along the southern mar-
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Figure 5. Burial-history curve for the Anadarko basin (modified from Schmoker, 1986). Seal genesis occurred primarily during the
rapid-subsidence phase associated with the Pennsylvanian orogenies. The interrelationship between values of vitrinite reflec-
tance (%A,), reservoir pressure, pressure-depth (PD) gradient, and depth is shown. Temperature values represent homogeni-

zation temperatures from cement phases.

gin of the MCC were used to interpret the origin of
this feature. Here, silica cement formed at ~170°C,
whereas carbonate precipitated at temperatures of
~124°C. These temperatures are similar to those re-
corded for cements associated with petroleum migra-
tion and indicate a heated, basinal fluid source. It is
proposed that warm, pressurized fluids migrated from
the basin center toward the hydrostatically pressured
Wichita frontal fault zone. Cement precipitated in the
rocks with lower pressure that are adjacent to the fault
zone, and a large seal zone some 6,000-8,000 ft thick
and 4-6 mi wide resulted. This seal effectively con-
fines extremely high (near lithostatic) pressures in
Morrowan chert-conglomerate reservoirs a few miles
north of the frontal fault zone.

LONGEVITY OF SEALS

The deep Anadarko basin reached maximum burial
depth in the Mesozoic Era (66 mya) and has under-
gone uplift since the Laramide orogeny (Schmoker,
1986) (Fig. 5). As a result of this uplift and cooling,
the generation of hydrocarbons and overpressures
ceased. Hubert (1995) demonstrated that oil-to-gas
transformation provided a viable mechanism for gen-
erating overpressures, and that deep Pennsylvanian
(Morrowan) reservoirs reached a transformation ra-

tio of 0.8. Vitrinite-reflectance data indicate that kero-
gen has remaining gas-generating capacity in the deep
basin (Walker, 1986; Hubert, 1995). Because post-
Laramide uplift and cooling froze gas generation and
transformation, overpressures are ancient (>10 my
minimum; Hubert, 1995), and seals must be capable
of confining pressure across geologic time.

SEAL CAPACITY

Capillary-pressure curves were used to determine
sealing capacity and evaluate pore structure. Sealing
capacity was defined in terms of (1) the height of a
hydrocarbon (gas) column (Hpd) the rock will hold
without leaking, and (2) displacement pressure
(Pdma). Pdma is the pressure required to displace the
wetting phase fluid (water) in a rock with a non-wet-
ting phase (gas). As pore-throat aperture decreases,
Pdma generally increases. Similarly, the height of the
gas column the rock will hold is inversely proportional
to porosity and permeability. Low-porosity and low-
permeability rocks with small pore-throat apertures
will confine larger columns of gas before the gas dis-
places the water and leaks.

Capillary-pressure measurements were taken in
diagenetic bands from seal zones. These were com-
pared to capillary measurements from reservoir and
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seal zones in other geologic provinces. Low-porosity
(<5%), low-permeability (<0.001-md) sandstones from
the Gulf Coast had displacement pressures up to 2,454
psi, and the greatest gas-column heights (Hch) of ~550
ft (Al-Shaieb and others, 2000). In comparison, a thin
diagenetic band from the Pink limestone—Red Fork
interval (Fig. 6) has displacement pressures >10,520
psi and gas columns >4,700 ft. The porosity in these
bands was below instrument-measurement capabili-
ties. In contrast, very fine grained sandstone with
~20% porosity and ~9-md permeability had displace-
ment pressures of ~200 psi and gas-column heights
of <10 ft.

The sealing capacity of diagenetic bands illustrates
the confining capability of seal zones. Because seal
zones are composed of multiple bands, these low-po-
rosity, low-permeability rocks have become capable
of confining the high reservoir pressures evident in
the Anadarko basin.

FLUID-INCLUSION STRATIGRAPHY

Seal cements are enriched in fluid inclusions that
contain a history of migrating fluid compositions (Hall
and others, 1997). Inclusion contents reflect changing
temperature and fluid types as cements precipitated.
They also record changes in composition resulting from
deep burial or exhumation. .

Fluid-inclusion stratigraphy involves the complete
analysis of volatiles trapped in inclusions, using qua-
drupole mass analyzers (Hall and others, 1997). The
procedure records the presence and relative abundance
of ionized volatile fragments released from inclusions
when they are crushed. Results are shown as millivoit
responses and are displayed on a series of parallel tracks
that represent different ionic species or species ratios
(Fig. 7). This format allows for the simultaneous com-
parison of results and easy recognition of positive and
inverse relationships between species.

A composite vertical profile of fluid inclusions was

constructed from rock samples from Roger Mills and

Ellis Counties, Oklahoma. This profile was designed
to establish the fluid-inclusion stratigraphy in the deep
‘basin (Fig. 7). The profile extends from the normally
pressured reservoirs downward through the MCC and
across the basal seal into normally pressured rocks
below. The sampled section included whole-rock
samples from cores of Pennsylvanian, Mississippian,
Devonian, Silurian, and Ordovician units, and ranged
in depth from 7,900 to 16,360 ft.

Mass-spectrometry analyses of inclusion volatiles
from the shallow-normal-pressure tier indicated low
gas and liquid hydrocarbon concentrations in compari-
son to deeper samples. Fluorescence of inclusions in
healed microfractures suggests that these inclusions
contain low- to moderate-gravity petroleum. Once the
onset of overpressuring is encountered, a transitional
increase in methane is evident (Fig. 7, ~9,000 ft, track
1). Inclusions in this zone appear to contain high-grav-
ity petroleum. The vapor phase within these inclu-

sions is large, suggesting a fairly volatile petroleum
phase. Within the MCC, a continuously high meth-
ane response was recorded. This supports the hypoth-
esis that the transformation of liquid petroleum-to gas
(methane) provided the increased fluid volume that
generated overpressure within the MCC. A high meth-
ane response continued through the MCC. Liquid-
range species were still present and became more no- .
ticeable in the argillaceous Mississippian carbonates.
Hydrogen sulfide concentration also increased in the
Mississippian. Fluorescence indicates that Mississip-
pian inclusions contain moderate- to high-gravity pe-
troleum. The vapor phase in these inclusions is rela-
tively large, suggesting a volatile petroleum phase.
The response across the Woodford Shale (basal seal)
indicates high concentrations of methane and C, to Cs
species (Fig. 7, 16,000 ft). Because the Woodford is a
source rock, it is uncertain if these responses reflect
trapped migrating petroleum or internally generated
hydrocarbon species.

Hunton rocks below the basal seal of the MCC con-
tinued to display a high methane response. Higher
molecular species were present, but in reduced num-
bers. Responses for both gas- and liquid-range hydro-
carbons were extreme in the upper part of the Simpson
Group section in an interval of shale and carbonate
that may represent a seal zone. Abundant non-fluo-
rescent gas inclusions and pyrobitumen (Fig. 8) were

~ present in the Simpson units. Pyrobitumen coats grain

surfaces in macro- and microporosity in dolomite and
lines the walls of gas-filled inclusions. These inclu-
sions and reservoirs initially contained liquid petro-
leum that was thermally altered after entrapment.
Methane continued to be the dominant species in the
lower part of the Simpson Group and in the Arbuckle
Group. Pale blue fluorescent gas-condensate inclusions
were present in healed microfractures in quartz de-
trital grains in the Simpson. These inclusions also have
a large vapor phase and contain pyrobitumen.

INTERPRETATION

Fluid-inclusion analyses indicate that rock units
within and below the MCC followed similar diagenetic
paths. Silica cement was generated initially, begin-
ning at about 6,000 to 7,000 ft. This cement precipi-
tated prior to the generation of hydrocarbons and
formed a protoseal. As compaction increased with
burial, carbonate (C-1) was mobilized and precipitated
in areas with amenable pore-fluid chemistry. During
this phase, fluid flow was relatively unrestricted, and
heated basinal fluids moved from the subsiding basin
center toward the lower pressures along the margins
of the basin. Accompanying these brines were organic
acids and hydrocarbons generated during source-rock
maturation. These acids attacked labile grains in res-
ervoirs and generated secondary porosity. As the lo-
cal pore-fluid chemistry changed in response to H+
ion consumption, carbonate began to precipitate, and
petroleum was trapped in inclusions.
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Figure 7. Fluid-inclusion contents (inset) correlated to a pressure—depth profile from Roger Mills and Ellis Counties, Oklahoma.
An increase in methane (CH, track) coincides with the top of overpressure and a decrease in aromatics (Arm/Arm + Par).
Methanogenesis resulted from the thermal transformation of liquid petroleum to gas and is evident in all rocks buried deeply
enough to enter the seal window. Increases in all species in the Woodford may reflect its sealing and/or source-rock capabilities.

Fluid migration within rock units was relatively un-
restricted until the rock units entered the seal window.
At this time, reservoirs with diagenetic protoseals had
their seals enhanced by the precipitation of additional
cement. With continued burial and the thermal trans-
formation of liquids to gas, sealing was likely completed
by capillary pressure. The seal along the southern
boundary of the MCC evolved during this stage. The
Pennsylvanian (Morrowan) clastic wedge provided a
flow path of least resistance as high-temperature fluids
migrated from the subsiding basin center toward the
normally pressured fault zone (Fig. 9). Normal pressure
was maintained near the fault by continuing displace-
ment that destroyed cement integrity within the faults.
Cement precipitated in the vicinity of the lower pres-
sured fault zone. This seal accumulated as subsiding
rocks entered the seal window and fault-focused flow
continued. Once the seal was in place, the additional
transformation of liquid petroleum into gas generated

increased volume and the extreme overpressures in the
deep Morrow reservoirs.

The pressure differential between the fault and the
MCC developed as a result of burial, thermal expan-
sion, and hydrocarbon maturation below the seal win-
dow. Rocks in the Pennsylvanian clastic wedge that
were not buried sufficiently to enter this window did
not develop fault-focused flow and were not cemented.
This is evident in the normally pressured tier above
the MCC, where a number of porous reservoirs are
present up to and within the fault zone.

Deep, normally pressured rocks below the MCC
entered the seal window but either failed to seal or
ruptured. Burial-history curves indicate that Hunton,
Simpson, and Arbuckle rocks were well within the seal
window during the Desmoinesian. However, a combi-
nation of factors likely prevented them from becom-
ing extensively compartmentalized and overpressured.
The first factor was lithology. The Hunton and
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Figure 8. Photograph of fluid inclusion in sandstone from the lower Paleozoic Simpson Group
that contains gas and pyrobitumen derived from the thermal alteration of oil. Thermal transfor-
mation of liquid petroleum to gas was a viable mechanism for the generation of overpressures in

the Anadarko basin. Sample depth is 14,414 ft.

Arbuckle Groups contain laterally extensive carbon-
ates that were subjected to several episodes of mete-
oric diagenesis, dolomitization, and karstification. As
a result, widespread porosity networks evolved
(Matthews and Al-Shaieb, 1993; Al-Shaieb and oth-
ers, 1999) that provided conduits for the dissipation
of overpressures generated during burial. Simpson
sandstones are also laterally continuous, porous units,
and they apparently dissipated overpressures. Isolated
satellite compartments developed within these units,
and overpressuring is restricted to the satellites. A
second factor was the outcrop of the lower Paleozoic -
units during the Pennsylvanian Period. Hunton,
Simpson, and Arbuckle rocks were exposed along the
Nemaha and Arbuckle uplifts during the Desmoines-
ian Epoch. These outcrops may have provided a re-
lease for abnormal pore pressure generated in the
deeper part of the basin. Pressure dissipation in the
lower Paleozoic prevented fault-focused flow that gen-
erated the fault-bounding seal of the MCC. As a re-
sult, porous reservoirs are found within the lower
Paleozoic section up to and within the fault zone.
Lithologic, pressure, and fluid-inclusion data from
the Anadarko basin suggest that all reservoirs in the
rock column below the shallow-normal-pressure tier
have similar burial histories. However, the basin de-
veloped a tiered pressure system in which deep-nor-
mal pressure is found below highly overpressured res-
ervoirs of the MCC. Furthermore, these deep, normally
pressured reservoirs typically contain a water column
beneath dry-gas accumulations. In contrast, most res-

ervoirs within the overpressured MCC produce gas
and/or petroleum liquids with minor volumes of wa-
ter. The spatial arrangement of distinct level 3 com-
partments within the MCC indicates that it behaves
like a large seal rock with isolated porous compart-
ments. In contrast, the normally pressured gas accu-
mulations below the MCC have similar pressures
(within stratigraphic intervals), suggesting that they
are hydraulically connected to a common reservoir.
Isolated, overpressured satellite compartments devel-
oped in this normal pressure domain, but they are lim-
ited in number and size.

SUMMARY AND CONCLUSIONS

The Anadarko basin is a tiered pressure system.
First-order seals separate the primary pressure tiers
and isolate the MCC. Second-order seals separate
stratigraphic intervals and coincide with maximal
flooding. Third-order seals separate individual com-
partments and contribute to reservoir heterogeneity.
Seals are rich in fluid inclusions that provide valu-
able insight into seal genesis and burial history. Early
silica-cement phases formed protoseals that preceded
oil generation. These seals evolved with burial and
began to confine overpressures caused by hydrocar-
bon generation and thermal expansion. In the deep.
Anadarko basin, fluid flow was focused toward the
Wichita frontal fault zone. As a result, a seal evolved
along the fault zone that confines pressure in the
MCC. Pressure dissipation in normally pressured tiers
above and below the MCC prevented fault-focused mi-
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Figure 9. Schematic cross section of the Wichita frontal fault
zone, where the southern lateral seal of the MCC formed by
fault-focused flow. Depths are in feet. The highly cemented
nature of seal rocks is reflected by low values of gas produc-
tion (wells 2 and 3: 0.1 BCFG/well). Wells above and below
the MCC (1 and 4) produced large volumes of gas (1.6 to 4.0
and 8.0+ BCFG, respectively), indicating that rocks in and
adjacent to the fault zone were not cemented. Homogeniza-
tion temperature (7y,) of silica is 170°C, and T, of carbonate is
124°C.

gration and sealing. Once seals were in place, over-
pressures were generated by the thermal transfor-
mation of liquid petroleum into gas. Methanogenesis
continued until the Laramide orogeny, when uplift
and cooling slowed and eventually disrupted the proc-
ess. Capillary-pressure measurements indicate that
seals in the Anadarko basin have a high sealing ca-
pacity and were capable of confining overpressures
across geologic time.
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Influence of Fracturing-Fluid Rheology on the Productivity
of Stimulated Oil and Gas Reservoirs

.Naval Goel and Subhash N. Shah
University of Oklahoma
Norman, Oklahoma

ABSTRACT.—The objective of hydraulic-fracturing treatment is to increase productivity of
oil and gas reservoirs by creating a proppant-packed fracture having higher conductivity
than that of the reservoir. The permeability of the proppant pack in a fracture can be 10,000
times that of the reservoir. The proppant is placed in the fracture with a fluid that must
have adequate rheology to keep it in suspension across the perforated interval of the reser-
voir. An understanding of fluid rheology is, therefore, important to optimize productivity of
stimulated oil and gas reservoirs. This influence of fluid rheology has been studied in the
present work.

The study was performed by stimulation treatments of two reservoirs as examples. The
first treatment was evaluated with a two-dimensional fracture model, and the second with
a three-dimensional model in a commercial fracturing simulator. In both stimulation treat-
ments, fracturing-fluid viscosity was varied while maintaining constant all other stimula-
tion and reservoir parameters. The results of these simulations are discussed in the present
work. The observations of the theoretical models were then compared with the images ob-
tained from a large-scale physical model of a fracture at the University of Oklahoma. These
comparisons provide useful implications for characterization of the fluids used in the frac-

turing treatments of oil and gas wells.

INTRODUCTION

Hydraulic fracturing is a treatment that creates a
fracture in an oil and gas reservoir and places proppant
in the created void (Economides and Nolte, 2000). The
proppant keeps the fracture open and provides a highly
conductive path, which allows o0il and gas to flow
readily to the borehole. The fracturing treatment is
performed by pumping a viscous fluid at a high enough
pressure to initiate and propagate a fracture in the
formation. The fluid also keeps the proppant in sus-
pension during its flow from surface equipment to the
fractured formation.

The success of the stimulation treatment of a reser-
voir depends on the final geometry of the propped frac-
ture. The fracture geometry is determined from the fi-
nal distribution of the proppant placed across the perfo-
rated interval of the reservoir. For increased productiv-
ity of the stimulated reservoir, the proppant should re-
main suspended in the fracturing fluid across the per-
forated interval. The placement of the proppant is gov-
erned by the fracturing fluid’s ability to keep particles
in suspension. Currently, the suspension capability of a
fracturing fluid is described by its viscosity (API RP 39,
1998). Therefore, an understanding of fracturing-fluid
viscosity is important to optimize the productivity of
stimulated oil and gas reservoirs.

The purpose of this study was to investigate the

influence of fluid viscosity on the dimensions of the
fracture created during the fracturing treatment and
on the productivity of the stimulated reservoir. The
ultimate objective of this study was to identify the
minimum fluid rheology above which a fluid would
satisfactorily suspend proppant (Goel and Shah, 2001)
and thus provide optimum production of oil and gas
from a hydraulically fractured reservoir.

This investigation was performed using the frac-
ture models of today (Gidley and others, 1989). The
study was performed by the stimulation treatment of
two different reservoirs as examples. The first treat-
ment was evaluated with a two-dimensional (2-D) frac-
ture model (Geertsma and de Klerk, 1969), and the
second treatment was evaluated with a three-dimen-
sional (3-D) model of a commercially available frac-
ture simulator (FRACPRO 99, 2000). In both simu-
lated treatments the fluid viscosity was varied while
maintaining constant all other stimulation and reser-
voir parameters. The results of this investigation and
their implications are discussed as follows.

BACKGROUND OF MODELS
2-D Fracture Model

The influence of fluid rheology on fracturing treat-
ment was first studied using a 2-D model called the
Geertsma—deKlerk (GdK) model.

Goel, Naval; and Shah, S. N., 2002, Influence of fracturing-fluid rheology on the productivity of stimulated oil and gas reservoirs, in
Cardott, B. J. (ed.), Revisiting old and assessing new petroleum plays in the southern Midcontinent, 2001 symposium: Okiahoma

Geological Survey Circular 107, p. 163-171.
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The GdK model assumes fracture height to be con-
stant but fracture width and length to change during
the fracturing treatment. The width is expressed as a
function of fracture length. This model assumes that
the fracture face near the wellbore has a rectangular
shape in the vertical plane and that the fracture has
an elliptical shape in the horizontal plane (Geertsma
and de Klerk, 1969).

3-D Fracture Model

The effect of viscosity on reservoir performance was
also studied using a 3-D commercial simulator called
FRACPRO™.

The 3-D model of FRACPRO 99 was not described
in the users’ manual of the simulator (FRACPRO,
2000), so its characteristic features are not known. The
manual indicated that the simulator model considered
spatial variations in reservoir stress, rock modulus,
pressure, and flow distribution but did not calculate
the variations at specific points within the fracture. It
further considered the non-Newtonian effects of the
fracturing fluid, hindered settling rates, and settled
bank buildup. These features of the 3-D simulator
model described in the FRACPRO 99 manual are simi-
lar to those considered for the 2-D fracture model.

Fracturing-Fluid-Viscosity Model

For the evaluations performed using the two frac-
ture models, the fracturing fluid was assumed to ex-
hibit non-Newtonian characteristics and that a power-
law model described its viscosity (API RP 39, 1998).

The power-law model is given by

Ha=k(y)" W

where u, is apparent viscosity of the non-Newtonian
fluid at a shear rate of . The power-law model has
two parameters: k, consistency index, and n, flow-be-
havior index. Equation 1 shows that at a given shear
rate, the fluid viscosity can be varied by changing ei-
ther of the two parameters, k or n.

RESULTS AND DISCUSSION
Evaluation Using the 2-D GdK Model

The influence of fluid rheology on fracturing treat-
ment was first studied using the GdK model.

The petrophysical properties of the reservoir and
design parameters of the stimulation treatment are
summarized in Table 1. The fracturing-fluid viscosity
was varied by changing separately the power-law in-
dex, n, and the consistency index, k. The values of n
were varied from 0.5 to 1, and those of & from 0.005 to
0.03 Ibf sec*/ft. The results of the influence of viscos-
ity are shown in Figures 1 and 2.

Figure 1 shows the fluid viscosity at 100 sec! as a
function of the productivity ratio of the stimulated to
non-stimulated reservoir, J;/¢J,. The figure shows that
the productivity ratio dropped from 10 to about 7 as
the fluid viscosity was increased from 40 to 400 cp.

‘ Table 1. — Reservoir and Treatment
Parameters for Evaluations with 2-D GdK Model

Static reservoir pressure, P, 1,800 psi
Reservoir permeability, k 0.1 md
Reservoir porosity, ¢ 8%

Depth to producing formation 4,025 ft
Young’s modulus, E 3.5x 10% psi
Poisson'’s ratio, v 0.3
Vertical-stress gradient, S, 1.15 psi/ft
Well spacing, A, 80 acres
Wellbore radius, r,, 2.5in.
Producing-formation height, h 50 ft

VERSAGEL 1300
30 Ib/Mgal HPG

Fracturing fluid
Fracturing-fluid type

Fluid rheological model u=k(y)™
Base case:
Power-law exponent, n 0.62
Consistency index, k 0.009 Ibf sec™/ft?
Fluid volume, Vi, 40,000 gal
Pad volume, V.4 10,000 gal
Fluid pump rate, Q 15 bbl/min
Fluid-loss coefficient, C 0.00147 ft/min'?
Spurt loss, Vs, 0.0 gal/ft?
Proppant size and type 20/40 mesh sand
Average proppant concentration 3 ppg
Closure stress on proppant bed 2,000 psi
Maximum wellhead pressure 4,500 psi
Static bottomhole temperature 100°F
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Figure 1. Effect of fluid viscosity on productivity ratio, using the
2-D GdK model.

This decrease in the productivity ratio with an increase
in viscosity was due to a decrease in the fracture di-
mensions, as shown in Figure 2. This figure depicts a
decrease in fracture length and propped height with
an increase in fluid viscosity.
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This observation is contrary to what
one would expect. As fluid viscosity in-

Table 2. — Reservoir Parameters for FRACPRO Simulation

creases, the proppant-suspension charac-

Reservoir parameter

Parameter value

teristics of a fracturing fluid would im-

P bilit 5,933 to 6,008 ft — 0.01 md
prove, and so the propped length of the ermeabilty 6.008 10 6 152 ft — 0 md
fracture shoul_d increase. Hovgevel.', the ex- 6:152 to 6j227 ft — 0.01 md
pected behavior is not seen in Figures 1 ) .
and 2. The 2-D GdK model, hence, does Porosity 7.5%

not accurately depict the effect of fluid vis-
cosity on fracture dimensions. This inac-
curate depiction also means that this
model cannot provide a critical viscosity
value above which the fluid would exhibit
transport of proppant through a fracture.
This value can be used prior to a fractur-
ing treatment to evaluate whether a frac-
turing fluid would perform satisfactorily
during the treatment.

Figures 1 and 2 show that the effects
of changing n and k are dissimilar. At
similar viscosities, the productivity ra-
tio and the fracture dimensions are dis-

Formation type

Reservoir temperature
Reservoir pore pressure
Average pressure in fracture
Pore-fluid compressibility
Leakoff-fluid permeability ratio (K /K) 10.0

Leakoff-fluid viscosity

Pore-fluid viscosity

0 to 6,375 ft — sandstone
Beyond 6,375 ft — shale

170°F
2,010 psi
5,350 psi
0.0005 psi™’

1 cp (cold)
0.5 ¢p (hot)

0.02 cp (cold)
0.01 cp (hot)

similar because of the selection of differ-

ent parameters of the power-law model.

This difference highlights the importance of under-
standing the influence of each characteristic of the
fluid on the stimulation treatment.

Evaluation Using the 3-D Simulator

The fracture design was applied to a reservoir whose
parameters were taken from the tutorial example de-
scribed in the simulator manual (FRACPRO 99, 2000).

The example reservoir for the simulations was the
Sawyer 144A No. 5 well from Sutton County in west-
central Texas (FRACPRO 99, 2000). The well was
stimulated in the middle and upper Canyon sands
(Pennsylvanian). The simulation runs described in the
present study were performed on the middle sand only.
These runs were made by varying the fracturing-fluid-
viscosity parameters in the simulator while keeping
all other reservoir and treatment parameters identi-
cal to those in the tutorial example.

The parameters that were input into the simulator
are summarized in Tables 2 through 6, and the re-
sults of the simulation runs are shown in Figures 3
through 5. Table 2 lists the petrophysical and reser-
voir-fluid properties, Table 3 the well-completion pa-
rameters, Table 4 the formation-stress profile, and
Table 5 the fracturing-treatment schedule. Table 6 lists
the miscellaneous options selected in the FRACPRO
program for the simulation runs.

The fracturing treatment was performed with a
borate—cross-linked 35-1b/Mgal guar gel. This gel was
listed in the FRACPRO fluid library as HL,_ BOR_G35_1,
manufactured by Halliburton as BoraGel. The fluid
for the pad and the slurry stages of the treatment were
maintained identically. The fluid-viscosity data given
in the simulator library are summarized in Table 7,
which lists the viscosity data as the power-law-model
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Figure 2. Effect of fluid viscosity on fracture dimensions, using
the 2-D GdK model.

@
-

y] }yBroy paddoag

o
Q

Fracture Length [ft]

&
=3

parameters at several temperatures at an initial time
and after 4 hours. For the simulation runs, the
FRACPRO linearly interpolated the fluid-library data
to the reservoir-temperature conditions.

The fluid-library data were first used to perform
an initial simulation run; this run was named base
case 1. The fracturing-fluid-viscosity data were then
manipulated by changing either the consistency in-
dex, &, or the power-law index, n, to simulate several
fracturing treatments. These runs were performed by
varying the individual power-law-model parameters
as a percentage of the base case while keeping all other
reservoir and fracturing parameters in the simulations
similar. The fluid formulations thus generated and
their viscosity data are summarized in Table 8. These
fluid formulations simulated fluid viscosities from 50
to 300 cp at 100 sec™l.

The results of the fracturing-simulation runs for
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Table 4. — Formation-Stress Profile
for FRACPRO Simulation

Table 3. — Well-Completion and Tubular-
Configuration Parameters for FRACPRO Simulation

. Young'’s
Well parameter Parameter value Depth Stress mo du?us Poisson’s
Annulus segment Casing ID 4.892 in. No (ft) (psi) (psi) ratio
i .6in. D2in.
0 to 5,609 ft Tubing OD 2.6 in., and ID 2 in ] 0 4100 510 0.9
Casing segment upto 6,186 ft  Casing ID 4.892 in. 5 5695 4400 5 *10° 0.2
Perforated interval bottom 6,186 ft 3 5.805 4.650 5*10° 0.0
Number of perforations 200 4 5917 4.950 5 %108 0.2
Perforation diameter 0.33in. 5 6,023 4,950 5 *10¢ 0.2
Perforation intervals One 6 6,060 4,250 5 *108 0.2
Wellbore orientation Vertical 7 6,230 4,900 5*108 0.2
Wellbore fluid Slick water 8 6,255 5,200 5*10¢ 0.2
9 6,277 4,900 5*10° 0.2
10 6,325 5,150 5*10° 0.2
400 16
o o — * 6
o S ia 11 6,375 5,350 5*10 0.2
Propped Height 12 6,470 5,450 7.5*10¢ 0.22
300 U/"EW—Q—" 1.2
Ll . A/
250 Propped Length 1

200 0.8
o Propped Length o Propped Height o WidEI

150 0.6

100 T - 0.4

° .3

Propped Fracture Dimensions [ft]

Width
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Figure 3. Effect of fluid viscosity on fracture dimensions, using
the FRACPRO model.

all 10 cases were then incorporated into the reservoir-
simulation mode of the FRACPRO simulator package.
The reservoir simulator was then used to study stimu-
lated-reservoir production performance over a period
of 10 years. The reservoir and economic parameters
for the reservoir-simulation runs are given in Table 9.

The results of the fracture-simulation runs are
shown in Figures 3 and 4, and those of the reservoir-
simulation runs in Figure 5. Figure 3 shows the effect
of fluid viscosity on the fracture dimensions and also
shows changes in the viscosity through adjustments
in the n values as filled marker points, and those
through adjustments in the % values as unfilled points.
The fracture dimensions obtained with base case 1
fluid are shown by larger size markers.

Figure 3 displays small changes in propped height
and length of the fracture, and fracture width at per-
forations, when the fluid viscosity was changed from
50 to 250 cp. The small change in the fracture dimen-
sions indicates only slight dependence of fracture ge-
ometry on fracturing-fluid viscosity. This result im-
plies an insignificant contribution of the fluid rheol-
ogy on the stimulation treatment of a reservoir. It is,
however, not true, as discussed below.

Figure 3 indicates only a small difference in frac-
ture dimensions, whether the fluid viscosities were
manipulated with either n or k. Thus, there is no dif-
ference in the viscosity with either of the power-law-
model parameters. But when the simulation results
are plotted as proppant concentration in the fracture,
a different picture evolves.

Figure 4 shows the proppant concentration in the
fracture (Ib/ft?) for the three cases (1, 6, and 8) de-
scribed in Table 8. This figure shows, first, the prop-
pant distribution obtained with the base-case fluid,
followed by that for cases 6 and 8. Base case 1 de-
scribes the stimulation with a 220-cp-viscosity fluid,
case 6 with 110 cp, and case 8 with 81 cp. The right
track of each case displays the proppant concentra-
tion after each of the 11 stages of the fracturing treat-
ment. The left track presents the permeability and
stress profile as a function of formation depth.

The proppant concentration in Figure 4 is a ratio of
the weight of the proppant placed in the fracture to
the fracture-face area, and was calculated from the
product of the fracture length and height.

Figure 4A shows that the proppant concentrations
were higher in the upper half of the fracture for the
base-case fluid of 220-cp viscosity. The figure also de-
picts the increased proppant concentration near the
wellbore, because the higher concentration slurries
were pumped in the later stages of the treatment.
Since the concentration of proppant was higher in the
upper half of each stage, it is safe to conclude that
this fluid successfully transported proppant through
the fracture and that the stimulation treatment was
successful with the base-case fluid. On the basis of
similar arguments, the performance of case 6 fluid
formulation having 110-cp viscosity after 3 hours, as
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shown in Figure 4B, cannot be called
successful. It shows that the sand settled
down in the fracture because the prop-
pant concentrations were higher in the
bottom of the fracture than those in front
of the perforations, 6,086 to 6,186 ft. The
concentrations were lower than those
obtained in the base case. These obser-
vations suggest unsatisfactory perfor-
mance of the case 6 fluid. The poor stimu-
lation treatment for case 6 would be at-
tributed to the lower viscosity of this fluid
in comparison to that of the base case. A
further reduction in fluid viscosity, how-
ever, depicts contrasting behavior. Fig-
ure 4C shows the proppant concentration
in the fracture when case 8 fluid with 81-
cp viscosity was used to stimulate the
formation. The figure shows that the
proppant concentration was uniform in
the upper and lower halves of the frac-
ture and that the proppant was well dis-
tributed in the fracture. Thus it can be
seen in Figure 4 that the proppant trans-
port and suspension with case 8 fluid
were as good as those of the base case,
and were better than those with case 6
fluid, even though fluid viscosity in case
8 was the lowest of the three cases.

The dissimilar performances of the
three cases are difficult to explain on the
basis of fluid viscosity alone. The differ-
ence between the fluid formulations of
cases 6 and 8 was that in case 6 the con-
sistency index of the fluid was 50% of the
base-case value, whereas in case 8 the
power-law index of the fluid was 50% of
the base-case value. The unsatisfactory
performance of case 6 fluid indicates a
greater dependence on the consistency
index of the 3-D model used in the
FRACPRO simulator.

A higher proppant concentration in
the fracture means higher fracture con-
ductivity and higher permeability of the
stimulated formation. Thus, the produc-
tivity index of the reservoir stimulated
with the fluid formulations of the base
case and case 8 would be higher than that
obtained with the case 6 fluid.

Figure 5 shows the effect of fluid vis-
cosity on the performance of the reser-
voir. The figure displays a negligible dif-
ference in cumulative gas production in
10 years, or in the net present value of
the stimulated formation when the fluid
viscosity was changed from 50 to 250 cp.
For a similar change in viscosity, there
was negligible improvement in the pro-
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Table 5. — Fracturing-Treatment Schedule
for FRACPRO Simulation

Table 6. — Miscellaneous Options Selected
for FRACPRO Simulation Runs

Slurry ‘Proppant Stage
rate concentration length Proppant
No. (bpm) (ppP9) (min) type
1 27 0 23 —_
2 27 1 3 Brady sand
20/40 mesh
3 27 2 25 —do —
4 27 3 4 —do —
5 27 4 3.5 —do —
6 27 5 5 —do—
7 27 6 4.5 —do —
8 27 7 4.8 —do —
9 27 8 2 —do —
10 27 0 3.5 -
11 0 0 40 Shut-in
5000 0.6
£ o o o a —
5 [] ol v
5 4000 L 05 g
g g‘ Net Present Value £
E- ';;' Cumulative Production g
S o2 3000 5 X 04 &
5 § S - 4 E
3% g
£ 8 2000 - 032
o o (72
Z2 3 . 8
3 ® M 02 5
g 1000 o Net Present Value ;roductivitylndex ’ A
o o Cumulative Production
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Fluid Viscosity [cp] at 100 sec™ After 3 hrs

Figure 5. Effect of fluid viscosity on stimulated-reservoir per-
formance.

ductivity index of the stimulated formation. Thus, Fig-
ure 5 suggests no impact of fluid viscosity on the per-
formance of the stimulated reservoir.

Implications of the Study

The fracture-design simulations performed with the
FRACPRO simulator and the GdK model indicate that
viscosity is not a critical parameter during a hydrau-
lic-fracturing treatment. Figure 4, however, shows the
role of fluid rheology on stimulation treatment, be-
cause the proppant distribution in the fracture was
observed to be dissimilar in the three cases, which
differed only in the rheological parameters of the flu-
ids used for the stimulation. Thus, the proppant dis-
tribution seen in Figure 4 cannot be explained through
fluid viscosity. Therefore, the 3-D commercial simula-
tor was as unsuccessful as the 2-D model for evaluat-
ing a fracturing fluid and identifying a critical viscos-

1 Run from job-design data
2 FRACPRO 3-D model
3 No temperature modeling
4 Proppant convection
5 Allow fracture growth at shut-in
6 Model wellbore and perforation
7 FRACPRO f{luid path tubular configuration
8 Run fracture and wellbore models
9 General iteration
10 Vertical fracture
11 General reservoir
12 Ignore back-stress effects
13 Calculate C-total from permeability
14 Producing bottomhole pressure 2,614 psi
15 Calculate fluid volume from stage length
16 Simulator start time 0, end time 100 min with time step

of 0.5

ity above which the fluid would satisfactorily trans-
port proppant through a fracture in a stimulation
treatment.

Several case histories on hydraulic-fracturing treat-
ments have shown that fluid viscosity plays a signifi-
cant role in the creation of a fracture in a reservoir
(Johnson and Cleary, 1991). Viscosity was observed
to be an important parameter to transport proppant
effectively in the near-wellbore region (Aud and oth-
ers, 1994), a critical region for stimulating reservoir
productivity. The importance of fluid viscosity is evi-
dent in the field but is absent in the fracture models
available today. This implies that the fracture models
are incapable of correctly describing the hydraulic-frac-
turing operation.

Therefore, only experimental investigation can
evaluate the fluid rheology for satisfactory proppant
transport through a fracture. Thus, experimental
evaluation offers an opportunity to understand the
relationship between fluid rheology and proppant
transport and to identify the rheological property that
can differentiate a successful stimulation from an
unsuccessful one without actually performing the frac-
turing treatment.

Experimental Investigation

The experimental investigation was performed by
evaluating the proppant-suspension characteristics of
two fracturing fluids. This characterization was per-
formed using the field-scale test facility at the Uni-
versity of Oklahoma.

In the experimental investigation, a fracture was
assumed to have parallel faces. Hence, the fracture
was simulated with a slot model, whose dimensions
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Table 7. — Fluid-Viscosity Data for BoraGel
from FRACPRO Fluid Library

Consistency index k

Temp. Power-law exponent n 1b, sec"/1t?

(°F) Time=0hr Time=4hr Time=0hr Time=4hr

75 0.32 0.40 0.323 0.0999
100 0.33 0.41 0.274 0.0837
125 0.34 043 0.226 0.0681
150 0.35 0.44 0.185 0.0548
175 0.37 0.46 0.149 0.0435
200 0.39 0.48 0.117 0.0336
225 0.42 0.51 0.0874 0.0249

were such that it represented a real fracture. The par-
allel walls of the slot model were separated at a gap
equal to the width of the fracture created during a
stimulation treatment. The slot height and length were
selected to simulate fluid flow through the model un-
der laminar-flow conditions as in a flow through a frac-
ture. Moreover, the slot model was long enough to al-
low fluid to reside in the slot for a sufficient period to
enable the proppant-suspension behavior of the fluid
to be satisfactorily evaluated.

The slot model was 12 ft long, 20 in. high, and 0.25
in. wide. It was made of Plexiglas, so it allowed direct
visual observations of the proppant distribution. This
model was used to investigate the significance of fluid
viscosity on the proppant transport through a fracture.
The investigation was performed with borate—cross-
linked 35-1b/Mgal guar gel, which was also used in the
evaluation with the 3-D FRACPRO fracture simulator.

The cross-linked guar gels were prepared using two

Slurry
Inlet

borate—cross-linked concentrations: 0.25 and 0.45 lb/
Mgal of guar solution. The gel prepared at 0.25-1b/Mgal
concentration had an initial viscosity of 200 cp at 100
sec™! and 135 cp at the end of the 3-hour API viscosity
test (API RP 39, 1998). Similarly, the gel prepared at
0.45-1b/Mgal concentration had an initial viscosity of
260 cp, which stabilized to 150 cp after 3 hours. These
values suggested that the two gels had viscosities very
close to each other, and so their proppant-transport
behavior should also be similar. It was, however, not
so. Figures 6 and 7 describe the sand-suspension be-
havior of the two gels.

Figure 6 shows a settled bed formed in the trans-
parent slot model when a 2-ppg slurry was pumped
with the gel prepared at 0.25-1b/Mgal cross-linker
concentration. This bed was formed as soon as the
slurry was introduced into the slot. The figure further
illustrates that the bed was formed below the inlet
opening of the slot. This meant that the proppant con-
centration and the fracture conductivity would be poor
in front of the perforated interval. A lack of proppant
particles across the perforation would undermine the
success of the stimulation treatment, because these
particles keep the fracture open and provide a highly
conductive path for the reservoir fluids. The perfor-
mance of the guar gel prepared at 0.25-1b/Mgal con-
centration would therefore be unsatisfactory.

On the other hand, the performance of the gel pre-
pared at 0.45-1b/Mgal cross-linker concentration was
satisfactory, as shown in Figure 7. The figure shows
the proppant uniformly distributed across the height
and length of the slot, showing no settled bed. This
fracturing gel, therefore, was able to transport sand
particles successfully through the fracture model.

Figures 6 and 7 show that the gel prepared at 0.45-
Ib/Mgal cross-linker concentration performed better

Slurry
Outlet

Settled
Bed

Figure 6. Proppant transport in transparent slot with 0.25-Ib/Mgal borate—cross-linked guar gel.
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than the gel at 0.25-1b/Mgal, even though
both had similar viscosity values. Thus,
fluids having similar viscosities do not

Table 8. — Summary of Viscosity Data at 170°F

for Different Simulation Runs

necessarily exhibit identical proppant- Power-law Consistencx inzdex k  Viscosity cp
transport characteristics. The fluid evalu- exponent n Ib, sec/ft at 100 sec
ations performed with the fracture-simu- Cases atOhr at4hr atOhr at4hr after 3 hr
lator models showed that the fluid having ¢ Base 0366 0456  0.156  0.04576 220
lower viscosity exhibited better proppant 44, 403 0502 0156  0.04576 268
distribution in the fracture.

The lack of correlation between prop- 3 09n 0.33 041 0.156  0.04576 179
pant transport and viscosity implies that 4 11k 0.366 0.456 0.1716 0.05 240
some other fluid property, instead of vis- 5 09k 0.366  0.456 0.1404 0.0412 197
cosity, “Flaybb‘;tte? de?"tﬁbzthi P?‘rtllflle' 6 05k 0366 0456 0078  0.0229 110
suspension behavior of the fracturing flu-
ids. This fluid property cannot be identi- 7 07k 0.366 0.456 0.109 0.032 153
fied with the fracture simulators available 8 05n 0.183 0.228 0.156  0.04576 81
today, because these models utilize only 9 03n 0.11 0.137 0.156  0.04576 54
viscosity-based correlations to describe 10 03k 0.366 0.456 0.0468 0.01373 65

proppant settling. The new fluid property
has been identified with an experimental
investigation of the proppant-transport
characteristics of fracturing fluids (Goel and Shah, 2001).
. Thus, further research is needed to describe prop-
pant-suspension characteristics accurately during a
hydraulic-fracturing treatment.

SUMMARY AND CONCLUSIONS

The investigation using the 2-D fracture model
showed practically no influence of fluid viscosity on frac-
ture dimensions. Similarly, evaluations with the 3-D
fracture model. also depicted poor dependence of frac-
turing-fluid viscosity on the created fracture dimensions
and stimulated-reservoir production performance. The
3-D model, however, exhibited the influence of fluid vis-
cosity on proppant concentration in the fracture.

The experimental investigation illustrated that
fracturing fluids having similar viscosities might not

Slurry
Inlet

exhibit identical proppant suspension in a fracture.

This study shows the importance of understand-
ing the influerice of each parameter of the fracturing
fluid on stimulation treatment and reservoir produc-
tivity. Finally, there appears to be a poor correlation
between the viscosity of a fluid and its proppant-sus-
pension characteristics.
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Table 9. — Input Parameters for the
Reservoir-Simulation Runs

Input parameter

Parameter value

Depth to middle of pay
Gross pay thickness
Net pay thickness

X-Y extent of the reservoir
Gas price

Price escalation
Discount rate
Operating cost
Cost-escalation factor
Initial investment
Stimulation cost

Total production period

6,136 ft
200 ft
100 ft
1,000 ft by 2,500 ft
$3/MSCF
3% per year
15%
$5,000 per month
5% per year
$650,000
$85,000
10 years
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Enhanced Oil Recovery with Downhole-Vibration Stimulation,
Osage County, Oklahoma
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ABSTRACT.—This paper provides details of the test of downhole vibration for oil-production stimu-
lation in Osage County, northeastern Oklahoma. This project has been supported by a grant from
the U.S. Department of Energy (DOE). Seismic Recovery LLC, Phillips Petroleum Co., and Calu-
met Oil Co. will test downhole vibration as a potential technology for enhanced oil recovery in a
Pennsylvanian sandstone.

Russian literature reported success in shallow reservoirs with a high water content, using
surface equipment to generate vibro-seismic stimulation. Downhole-vibration-stimulation tech-
nology will be applied to the North Burbank Unit (NBU), a major field in Osage County, which is
characterized by wells with low oil cuts and substantial water production.

Even when a well has a high water cut, there is still much oil trapped in the formation. The
vibrational energy imparted to the reservoir is thought to facilitate the movement of oil in one or
more ways, either by diminishing the capillary forces of adhesion between the rock and the oil, or
by causing the droplets of trapped oil to cluster into “oil streams” that flow with the waterflood.
However, other theories abound.

A new well will be drilled and cored within the NBU and will be used as the vibration-stimu-
lation well. The vibration core-testing system patented by Phillips will be used to measure the
effect of vibration on the flow of oil and water in cores. Preliminary tests have indicated that
optimum flow enhancement occurs at a discrete frequency, generally in the 50- to 300-Hz range.

The installation of the downhole-vibration device was planned for the third quarter of 2001.
The operating parameters for the vibration tool will be based on the Phillips’ test results. Offset
wells will be instrumented to monitor the vibrations emitted. Injection and production wells will
be monitored for changes. The vibratien stimulation is planned to run 3 months, and then its
impact will be assessed and reported. This information will be disseminated through technical
papers, workshops provided to Osage County production operators, and to other appropriate

Midcontinent technology-transfer venues.

INTRODUCTION

Though wells in waterflooded fields are abandoned
because production is uneconomical owing to high
water cuts, significant amounts of oil can be trapped
'in a reservoir. Vibration stimulation may be a method
for improving oil production and increasing ultimate
economic recovery in these situations. The vibration
force introduced to the reservoir is thought to facili-
tate the movement of oil in one or more ways: by di-
minishing capillary forces, hence reducing adhesion
between the rock and fluids; or causing oil droplets to
cluster into “streams” that flow with the waterflood.

Historical Background of Vibration Stimulation

The interest in elastic-wave-vibration stimulation (as
opposed to nonelastic vibration, such as explosions) goes
back to the 1950s. This interest is well documented by

Beresnev and Johnson (1994), who reported on the full
spectrum of investigative work in both the USSR and
the U.S.A. They reviewed the efforts of more than a
hundred researchers who had probed the effects of man-
made vibrations from the ultrasound range of 5 MHz to
the barely audible, low end of 1 Hz. The effects of earth-
quakes on oil production were also included in this pa-
per. Westermark and others (2001) included a compre-
hensive update of current vibration-related stimulation
technologies from around the world when they presented
the initial plans for the Osage County project.

Research Reported in the United States
Los Alamos National Laboratory
A joint industry project, funded by DOE’s Office of

Basic Energy Science, Division of Advanced Energy
Projects, to study the fundamentals of vibration stimu-

Westermark, R. V.; and Brett, J. F, 2002, Enhanced oil recovery with downhole-vibration stimulation, Osage County, Oklahoma, in
Cardott, B. J. (ed.), Revisiting old and assessing new petroleum plays in the southern Midcontinent, 2001 symposium: Oklahoma

Geological Survey Circular 107, p. 173-177.
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lation was initiated by Peter M. Roberts
at Los Alamos in 1995. This startup
project evolved into a current project
called “Seismic Stimulation for Enhanced
Production of Oil Reservoirs.”

The laboratory experimental portion of
this project has utilized a core test cell with

R. V. Westermark and J. F. Brett

BSE

BGE

a magnetostrictive actuator applying me-
chanical-stress excitation to sandstone

core samples during single-phase and two-
phase fluid flow. Results indicate that
mechanical-stress excitation at 100 Hz and
lower can strongly influence two-phase

North Burbank Unit / T
Operated by 27
Calumet Oil Company N
Osage Mineral Estate Shidler
Osage County, OK I_I
L
T
26
N

fluid-flow behavior in the Berea sandstone
(Mississippian) under both steady-state
and simulated-flood conditions (Sharma
and Roberts, 1998). Recently, Roberts
(2001) presented the updated details of the
Los Alamos core studies, which can be
found at the project’s homepage: http:/
www.eesd lanl.gov/stimulation.

The project is currently monitoring
industry-supported field-stimulation tests in Cali-
fornia’s Central Valley. Initial tests have shown an
increase in oil cut that is directly correlative with the
stimulation treatment.

DOWNHOLE-VIBRATION-STIMULATION PROJECT,
NORTH BURBANK UNIT FIELD

Project Team

Oil and Gas Consultants International and Phillips
Petroleum Co. had followed the research of reservoir-
vibration stimulation by Los Alamos National Labo-
ratory. With the DOE solicitation for project propos-
als, the opportunity presented itself to collaborate in
an effort to apply this novel technology to the nearby,
nearly watered-out Osage County oil fields. When the
Osage Tribe wds approached, they issued a warm en-
dorsement of this proposal in Resolution 30-490 of
the Osage Tribal Council in August 1999. Calumet Qil
Co. was contacted about conducting a pilot test in
the North Burbank Unit (NBU), the largest field in
Osage County. Figure 1 shows the location of the NBU
field in Osage County, northeastern Oklahoma.

Downhole-Vibration Tool

Backward-Whirl Vibrator:
A Unique Orbital Vibrator Design

Backward whirl has been studied for the past 20
years in the oil-well-drilling industry. These intense
vibrations have been known to be harmful to man-
made diamond drill bits. While the motion is certainly
harmful for bits, the patented tool to be used on this
project attempts to exploit this phenomenon. To con-
trol the frequency and intensity of the created vibra-
tions, the tool is built with a self-contained housing.
Backward whirl occurs when a smaller cylinder ro-
tates inside a housing, as seen in Figure 2.

=

Figure 1. Map showing location of North Burbank Unit field, Osage County,
Oklahoma. Black rectangle is town of Shidler.

Tubing
Connection

Casing ————p '

Slip Cones

Rotating
Mass

Figure 2. Schematic drawing of 7-in. downhole-vibration tool,
anchored with a dual set of mechanical slip cones.

Field-Test Protocol in a Mature Waterflood
Field Selection .

The test is to be performed in the NBU field in
Osage County. Table 1 lists the average values of the
field’s parameters. Discovered in 1922, this is now a
mature waterflooded field, which produces ~1,200
barrels of oil per day (BOPD) and >160,000 barrels of
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Table 1. — Average Reservoir Properties for
North Burbank Unit, Osage County, Oklahoma

Parameter Value Units
Area 36.5 Square miles
Average thickness 53.3 Feet
Acre-feet 128,000 Acre-feet
Depth 2,850 Feet
Stock-tank oil gravity 39 API gravity
Reservoir-volume factor 1.2 (Dimensionless)
Original reservoir pressure 1,200  PSIA
Original gas/oil ratio 380 Cubic feet/barrel
Temperature 120 Degrees Fahrenheit
Viscosity 3.3 Centipoise
Produced water salinity 85,000 Parts per million
Average porosity 16.8 Percentage
Connate-water saturation 26 Percentage
Average permeability 50-100 Millidarcies

water per day (BWPD). The Burbank reservoir is a
Middle Pennsylvanian sandstone commonly present
in the western half of Osage County.

Test-Area Selection

The criteria for selecting the location for the pilot-
test area and the vibration-stimulation well were (1)
an area that has had a consistent waterflood pattern
for at least 2 years and produces into one tank bat-
tery, (2) an area with good total pay thickness (>40
ft), and (3) an area characterized by low initial-pro-
duction rates (<500 BOPD after being shot with ni-
troglycerin).

Drilling and Coring of Vibration-Stimulation Well

The vibration-test well will be drilled, cored, and
cased through the Burbank sandstone. After logging,
7-in. casing will be set and cemented.

Core Testing

The goal of laboratory vibration tests is to identify
the cause and effect of how particular vibration fre-
quencies and intensities influence hydrocarbon recov-
ery for specific reservoir rocks. Phillips Petroleum Co.’s
“coreflood” apparatus was used in this project to as-
sess effects of vibration on fluid flow.

Figure 3 is a partial schematic diagram of the ap-
paratus. The system consists of a biaxial core holder
with hydraulic rams on both ends of the sample, fluid
reservoirs, pumps, pressure transducers, mass-bal-
ance and volumetric-balance fluid-production mea-
surement devices, and vibration-measurement and
-control devices. Vibration is applied to a core in the
same direction as fluid flow, using a magnetostrictive
actuator that supplies cyclical compressive stress. This
stress, which is superimposed on the static longitudi-
nal stress, is in the form of a sine wave. The frequency
of operation varies from about 8 to 2,000 Hz. A dy-
namic-force transducer is mounted along the load path
between the core and the vibration actuator, and the
output is read from an oscilloscope. Dynamic force
supplied during vibration is adjusted to achieve tar-
get vibration intensities at test-vibration frequencies.

Typical Vibration-Test Sequence.—The permeabil-
ity of the core plug to brine is measured to establish
baseline permeability without vibration. Subse-
quently, permeability is measured while applying a
range of vibration frequencies and intensities to de-
termine whether permeability enhancement occurs
under particular vibration conditions. The core is then
oil-flooded to a residual-water-saturation condition.
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Figure 3. Sonic-core-test cell, with axial magnetostrictive source. LVDT = low-voltage displacement transducer.
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After an aging period, the core is waterflooded with-
out vibration to document oil production versus pore
volumes of water injected.

Another waterflood test is conducted with vibra-
tion on the same or a similar core. Options inclide
vibrating continuously throughout the waterflood, vi-
brating continuously after water breakthrough occurs
and water cuts are high, or vibrating intermittently
by turning vibration on and off several times during a
test.

In-house laboratory tests have shown that the per-
meability of many brine-saturated cores can be in-
creased by 10% or more by imposing particular vibra-
tion frequencies and intensities. For example, Figure
4 shows absolute permeability enhancement as a func-
tion of vibration intensity and frequency for a Berea
sandstone (Mississippian) core plug. Highly water-wet
samples tested thus far show about the same water-
flood-production response with and with-
out vibration. Subtle enhanced water-
flood performance has been seen when
testing cores that are not highly water
wet.

One such example is shown in Figure
5 from a test on an intermediate-wet to
oil-wet core from the NBU field. Two
types of vibration tests were conducted:
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over a select range of frequencies for the available
horsepower. The DHVT will be mechanically attached
to the casing (much like a production packer) and
placed opposite the reservoir to maximize the energy
transmitted to the formation.

The DHVT will be operated with a computer-con-
trolled, variable-speed, 50-hp electric motor. The mo-
tor controls will be able to slowly increase frequencies
and intensities of the DHVT, hold the system at that
level of output, and step it back down in a predeter-
mined manner. The motor has safety devices at the
surface to shut down the automated stimulation cycle
should it draw current levels outside of tightly con-
trolled limits. The history of the vibration-tool opera-
tion will be recorded and time stamped to allow for
cross-referencing both fluid-response data and all geo-
phone recordings (both downhole and surface listen-
ing devices).
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one with continuous vibration, and a sec-
ond test in which the vibration was in-
termittently turned on and off (intermit-
tent vibration). Waterfloods with vibra-
tion provided slightly higher oil recover-
ies than those without vibration, whereas
recovery versus time with intermittent
vibration somewhat outperformed the
continuous-vibration test.

Designing, Building, and Testing
the Downhole-Vibration Tool

For this field test, the downhole-vibra-
tion tool (DHVT) will be run at a depth
of ~2,800 ft, placing it across the Burbank
sandstone. Because of the mechanical
nature of this backward-whirl orbital vi-
brator, it was desirable to employ com-
mercially available rotating systems. A
rod rotating system was chosen for its
simple, field-proven operation and for
ease in adapting from a progressive cav-
ity-pump installation to the downhole-
vibrator application.

The final determination for the desired
frequencies and intensities to be gener-
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Figure 4. Brine permeability enhancement with vibration, Berea sandstone
(Mississippian) core.

Mid-Continent Core
kw=116 mD

Polar oil, 61 cP
Swi=44%

© no vibration B

o continuous vibration |

e

A AA

#Mhnﬁ%_ﬁAQ‘\% EN:QI.nmmnn
.

ated by this tool will be based on results
from the lab tests. With the whirling or-
bital vibrator, the output frequency is a
function of the rotating speed times a
multiplying ratio. This mechanical aspect
allows for optimizing vibration intensity
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Figure 5. Waterflood results for a North Burbank Unit reservoir core without
and with vibration stimulation. OOIP = original oil in place; kw = permeability
to water; Swi = initial water saturation; PV = pore volume.
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Installing Downhole- and Surface-Monitoring Equipment

Vibration-detection tools (geophones) will be in-
stalled in selected wells at various distances from the
vibration-stimulation well. To allow the sensitive geo-
phones to detect and identify the generated vibrations,
the selected well will remain inactive while monitor-
ing is being conducted. Equipment and personnel from
Lawrence Livermore National Laboratory in conjunc-
tion with Los Alamos National Laboratory will be used
to measure and record the strength of vibrations
within the reservoir. These data will be recorded and
time-stamped to allow for cross-referencing with the
tool’s operation.

Prior to attempting vibration stimulation, surface
monitoring of produced and injected fluids within the
pilot area will continue as normal production opera-
tions for the selected pilot wells. Pilot production wells
will be placed on a continuously rotating production-
testing schedule to determine water and oil rates for
individual wells. A real-time record of the performance

of pilot injection wells will also be kept. This will pro-

duce a high-quality baseline for production and injec-
tion data in advance of initiating the vibration-stimu-
lation field test.

Performing Three-Month Vibration-Stimulation Test

Initially, the vibration-test well will be stimulated
and the offset wells closely monitored for changes in
fluid characteristics and produced or injected volumes
and pressures. Simultaneously, the listening devices
will be recording any discrete seismic signals that are
identified as occurring above ambient noise. The acous-
tic response will be rapid (measured in seconds), ow-
ing to the close distances between the wells.

Initially, the well will be vibrated continuously at
discrete frequencies in the 50- to 200-Hz range. Should
the geophones detect a dominant or a resonant fre-
quency, modification to operations or to the tool itself
will be made to generate that frequency, if possible.
This may require a reconfiguration of the tool to pro-
duce higher amplitude vibrations at a narrower fre-
quency range.

Assessing Vibration Effects on Oil Production

A technical assessment of the field test will be the
focus of the project’s final report. Project success will
obviously be tied to economical increases in oil pro-
duction from the field test.

The question of the economics for this particular
test will be straightforward. Using an estimate for
manufacturing costs, the reliability of this version of
the tool, its maintenance requirements both at the
surface and downhole, and its power consumption will
determine the capital investment required and the
operating expense incurred. These costs will be com-

pared to the changes in the water/oil ratio, the oil sold
during the field test, and the possible reduction in in-
jection-energy requirements.

Transferring Vibration-Stimulation Technology

Reports covering the project will be submitted to the
DOE and the Osage Tribal Council. Technical papers
and presentations will be prepared and delivered. Pre-
liminary conversations with the Petroleum Technology
Transfer Council (PTTC) have explored offering work-
shops through the South Mid-Continent Region to in-
troduce this technology to the Osage County operators.
A 1-day short course will be offered at the 13th Society
of Petroleum Engineers/DOE Improved Oil Recovery
Symposium in April 2002 in Tulsa, Oklahoma. Research-
ers and practitioners of vibration-stimulation technol-
ogy from throughout the world have been invited to
present their current efforts to provide the industry with
a concise and intense review of the state of the art in
vibration-stimulation activities, successes, challenges,
and areas of opportunity.
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Hunton Transition Zone in Oklahoma: A Case Study
in West Carney Field, Lincoln County

David Chernicky and Scott Schad
New Dominion, LLC
Tulsa, Oklahoma

ABSTRACT.—West Carney field in T. 15 N., R. 2E., and T. 16 N, R. 2 E., Lincoln County,
Oklahoma, produces from the Hunton Group, utilizing dewatering techniques similarly used
in coalbed-methane production. In a high-water-saturation, bimodal-porosity carbonate res-
ervoir, virgin-state hydrostatic pressure exerts adequate confining pressure on the primary
porosity network to limit the amount of gas expansion, and thus oil production, into the
wellbore. The secondary-porosity network delivers a steady influx of water to the wellbore
from more distal areas of the reservoir greater than the radius of deliverability of oil and
gas from the primary (lower) porosity, so the predominant phase of production is salt water.

To dewater the Hunton, operators perforate and fracture the entire zone before install-
ing submersible pumps. Aggressive water production begins the dewatering process, and
the reservoir pressure starts dropping as the oil cut and gas/oil ratio increase. Declining
reservoir pressure triggers a gas-expansion drive in hydrocarbons formerly trapped in place
by poor reservoir quality and excessive hydrostatic pressure, causing them to migrate to the
wellbore. Maximum oil production occurs when reservoir pressure is decreased to approxi-
mately 50% of original static bottomhole pressure. At this point the operator converts many
of the wells to beam pumps, and the reservoir behaves more conventionally. Oil production
peaks first, followed by a peak in gas production. Water production continues to decline,
while the hydrocarbon phases exhibit characteristics similar to a classical depletion-drive
reservoir.

This study focuses on a small area of West Carney field (4,800 acres) that experienced
sporadic drilling over a period of 30 years. Out of 31 previous penetrations of the Hunton
Group, five reported conventional Hunton completions that yielded a total of just 37,552
harrels of oil and 482,901,000 cubic feet of gas. An aggressive dewatering campaign over 2
years fostered the drilling or reentry of 28 new Hunton producers, resulting in proven recov-
erable reserves of 2.2 million barrels of oil and 16.2 billion cubic feet of high-Btu gas. Total
reserves are expected to increase as field development continues.

Chernicky, David; and Schad, Scott, 2002, Hunton transition zone in Oklahoma: a case study in West Carney field, Lincoln County, in
Cardott, B. J. (ed.), Revisiting old and assessing new petroleum plays in the southern Midcontinent, 2001 symposium: Oklahoma
Geological Survey Circular 107, p. 179.
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Three-Dimensional Applications in South-Central Oklahoma: Imaging and
Exploiting Complex Structure in Knox, Chitwood, Bradley, and Cement Fields

Larry Lunardi
Chesapeake Energy Corporation
Oklahoma City, Oklahoma

ABSTRACT.—The availability of recent speculative and proprietary three-dimensional
(3-D) data across parts of the southern and central Oklahoma fold-and-thrust province has
provided a significant new exploration tool for the continued development of the oil and gas
potential of this historic producing province.

This potential is directly associated with the structural and stratigraphic complexities
inherent in a region characterized by multiple episodes of extensional, compressional, and
wrench tectonics, now juxtaposed in the subsurface. The intersecting and overlapping fault
patterns derived from this tectonic history present a particular challenge for subsurface
and 2-D seismic interpretation as well as a significant opportunity for 3-D imaging to accu-
rately portray untested or underdeveloped fault blocks.

Chesapeake Energy Corp. is currently utilizing >700 mi? of recent 3-D imaging in and
around this area to develop an extensive acreage position acquired over the past 10 years.
This data volume has proven crucial for the identification and positioning of both explor-
atory and development wells throughout this core area, and provides the basis for an ag-
gressive ongoing drilling program. '

Lunardi, Larry, 2002, Three-dimensional applications in south-central Oklahoma: imaging and exploiting complex structure in Knox,
Chitwood, Bradley, and Cement fields, in Cardott, B. J. (ed.), Revisiting old and assessing new petroleum plays in the southern
Midcontinent, 2001 symposium: Oklahoma Geological Survey Circular 107, p. 180.
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Application of Microbially Enhanced Coalbed Methane
to Stimulate Coal-Gas Production

Andrew R. Scott
Altuda Geological Consulting
San Antonio, Texas

ABSTRACT.—Naturally occurring secondary biogenic gases represent a significant fraction
of coalbed-methane resources worldwide. Coal gases in the Powder River basin are entirely
secondary biogenic, whereas gases in the Black Warrior and San Juan basins contain a
significant secondary biogenic component. For example, an estimated 2 trillion cubic feet
(TCF) of secondary biogenic gases has already been produced from the San Juan basin. If
only one-hundredth of 1% (1/10,000) of U.S. coal resources were converted into methane
through microbial processes, coal-gas reserves would increase by 23 TCF, approximately
10% of current reserves. Therefore, bioconversion of coal into methane has the potential to
impact gas reserves significantly in the United States and worldwide.

Microbially enhanced coalbed methane (MECoM) imitates and enhances the natural proc-
ess of secondary biogenic-gas generation in coal beds that occur in basins worldwide. MECoM
involves the introduction of anaerobic bacterial consortia, consisting of hydrolyzers, acetogens
and methanogens, and/or nutrients, into coalbed-methane wells. Coalbed-methane produc-
tion can increase through generation of additional methane, removal of pore-plugging coal
waxes, and/or permeability enhancement as cleat-aperture width is enlarged during bio-
gasification. Under appropriate conditions, bacteria are capable of generating significant
quantities of methane over relatively short time periods in the subsurface. Biogenic-gas
generation from municipal waste sites and biogenic-gas generation from coal-cutting canis-
ters are examples of real-time gas generation.

Coal surface area and biogasification-reaction rates in the subsurface might potentially
limit gas generation, indicating that permeability enhancement might be the most signifi-
cant benefit of MECoM. Additional research, including microbial sampling of deeply buried
bituminous coals to identify genetically unique consortia, is required to evaluate MECoM
fully and to determine if the process will improve coalbed-methane producibility. If eco-
nomically feasible, MECoM can generate methane in coal beds that currently have limited
coalbed-methane potential and thereby provide cheap, environmentally clean energy for
many parts of the world.

Scott, A. R., 2002, Application of microbially enhanced coalbed methane to stimulate coal-gas production, in Cardott, B. J. (ed.), Revis-
iting old and assessing new petroleum plays in the southern Midcontinent, 2001 symposium: Oklahoma Geological Survey Circular
107, p. 181.
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Integration of All Existing Data for Optimal Modeling of an Old Oil Field,
Thus Creating Development Sites Hitherto Overlooked

Bert A. Weimer
Weimer Consulting
Norman, Oklahoma

ABSTRACT.—Today’s modern search for oil and gas all too often looks to exotic methods. In
old fields, such as the Panhandle field in Texas, only local firms, producers, or leaseholders
have any interest in additional development. Even these firms often conclude that no addi-
tional development potential exists.

The reality is that a comprehensive study of all existing data resources often results in
new and definitive findings that might generate new development sites. The beauty of this
type of analytical review is that the data already exist and can be obtained at little or no
capital cost. To achieve the desired results of obtaining new insights from old data, one
needs to research the subject area on a large scale and dispose of the “offset” mentality so
common in well-developed fields.

This form of study focused on the Panhandle field in Texas. As a mature hydrocarbon
play, this field is not often looked upon as a source of new development. The main value of
reanalyzing a large and heavily drilled field such as this is that large amounts of hydrocar-
bons are proven in the area and that extensive data exist from years of drilling. The study
involved using any and all data available for the field and included old magnetic surveys,
gravity maps, scout tickets, electric logs, cores, drill samples, and any other data that could
be found. Also included were new and less specific data, such as published basement tec-
tonic research, surface topographic maps, Landsat photos, chemical analyses of produced
hydrocarbons, regional seismic research, and other forms of published research that might
cover the overall Panhandle region.

The results of this Panhandle study generated a new understanding of the driving mecha-
nism of structural development. This result also yielded new understandings of the meth-
ods of sediment deposition and hydrocarbon emplacement. With a new and enlightened
view of the established producing field, areas of potential development were found. Among
the results of the investigation were several overlooked drill sites and a surprise explana-
tion for an area of nonproduction that has yielded numerous dry holes. These are no-risk
development sites in one of the world’s largest producing fields. Prospects such as these
might be revealed in other areas from a cheap, inquisitive review of antiquated data requir-
ing little capital investment and yielding great economic opportunities.

Weimer, B. A., 2002, Integration of all existing data for optimal modeling of an old oil field, thus creating development sites hitherto
overlooked, /n Cardott, B. J. (ed.), Revisiting old and assessing new petroleum plays in the southern Midcontinent, 2001 symposium:
Oklahoma Geological Survey Circular 107, p. 182.
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Surface and Subsurface Evidence Indicative of Possible Significant Oil and Gas
Accumulations beneath the Arbuckle Mountains, Southern Oklahoma

R. P. Wilkinson
Consulting Petroleum Geologist
Ardmore, Oklahoma

ABSTRACT.—Reverse faulting near the edge of a stratigraphic boundary can create a false
image of a strike-slip fault. The Washita Valley fault might be an excellent example of such
a fault. If, in fact, the Washita Valley fault is a reverse fault and not a strike-slip fault, the
Arbuckle Mountains might overlie some unexplored oil and gas prospects in a subthrust
zone parallel to the Washita Valley fault surface.

The Washita Valley fault is adjacent to two of the most prolific oil and gas fields in
southern Oklahoma. The Eola field, at the northwest end of the Washita Valley fault, has
produced ~76 million barrels of oil (MMBO) from ~90 wells. This calculates to be ~855,000
BO per 40-acre well. The Cumberland field, at the southeast end of the Washita Valley
fault, has produced ~72 MMBO from ~82 wells. This calculates to be ~850,000 BO per 10-
acre well. Therefore, a structural trend that has not yet been fully explored might exist
between two prolific oil fields.

One way to determine the difference between a reverse fault and a strike-slip fault is to
examine the direction of the force that produced the fault. The force required to produce a
strike-slip fault is parallel to the fault surface. The force required to produce a reverse fault
is perpendicular to the fault surface. Thus, this 90° difference in the direction of the forces
can help identify the true nature of the fault in question. Several subsurface cross sections
were made across the Washita Valley fault. These structural cross sections indicate that
compressive forces were involved, and they strongly support the reverse-fault concept.

Wilkinson, R. P,, 2002, Surface and subsurface evidence indicative of possible significant oil and gas accumulations beneath the Arbuckle
Mountains, southern Oklahoma, in Cardott, B. J. (ed.), Revisiting old and assessing new petroleum plays in the southern Midcontinent,
2001 symposium: Oklahoma Geological Survey Circular 107, p. 183.
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